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INTRODUCTION 

 

The unmet needs of organ transplantation 

Since the birth of the field, progress in transplantation medicine has been rapid. The introduction of 

newer immunosuppressive agents and improvements in surgical techniques and ancillary care have 

made transplantation a routine and preferred therapy for end-stage renal, cardiac, hepatic, and 

pulmonary failure; pancreatic transplantation provides similar benefits for diabetic patients (1). 

Although these immunosuppressive drugs have dramatically improved the life of transplant 

recipients over the past 30 years, two notable problems remain. First, these drugs are associated 

with significant toxicities. They include both the toxicities of immunosuppression itself (enhanced 

risk of opportunistic infections and selected malignancies), and side effects unrelated to 

immunosuppression (e.g., nephrotoxicity of calcineurin inhibitors, hypertension and cardiovascular 

disease resulting from use of corticosteroids). Second, although the array of currently available 

drugs and biologic agents has proven very successful in the prevention and treatment of acute 

rejection, similar success has not been achieved in preventing chronic graft dysfunction (often 

termed chronic rejection) and extending long-term graft survival (2-6). Given these circumstances, 

the scientific discussion at most transplantation immunology meetings are dominated by designing 

effective ways to induce transplantation tolerance. ‘Transplantation tolerance’ describes a state in 

which a donor is ‘accepted’ without chronic immunosuppressive therapy, while the remainder of the 

immune system is left intact (7, 8). Thus, lack of a pathogenic response to the alloantigen is 

specific, and the recipient is capable of responding to potentially pathogenic microorganisms and 

malignancies. Tolerance does not imply the absence of an immune response. Indeed, there is 

abundant evidence for active immunoregulatory mechanisms, which may operate to maintain 

transplant tolerance (8). 

 

Mechanisms of rejection to solid organ allografts 

The immune response to an allograft is an ongoing process involving components of both innate 

and adaptive immune system, starting from the time of reperfusion (9). Local tissue damage and 

ischemia/reperfusion injury initiate the production of damage-associated molecular patterns 

(DAMPs) including reactive oxygen species, heat shock proteins and heparan sulphate that bind to 

pattern recognition receptors (PRR) expressed by innate immune cells. The sensing of DAMPs by 

PRR results in the production of proinflammatory cytokines, chemokines and the rapid expression 

of P-selectin by endothelial cells (10, 11). These events identify the transplant as a site of injury and 

inflammation modifying the activation status, permeability and viability of endothelial cells lining 
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the vessels, triggering the release of soluble molecules, including antigens from the graft, inducing 

the production of acute phase proteins such as complement factors, stimulating the migration of 

donor-derived antigen-presenting cells (APC) from the transplant to recipient lymphoid tissues and 

triggering the recruitment of inflammatory leukocytes into the graft (12, 13).  

The presentation of alloantigens by APC, mainly dendritic cells (DC), and their recognition by 

recipient T cells initiate the adaptive immune response, the key player in graft destruction (14).  

In transplantation, priming of recipient T cells with antigen can occur on three distinct pathways 

(15). The first is the direct pathway in which donor DC present in the graft act as passenger 

leukocytes. In the context of a proinflammatory environment these cells mature and migrate to 

secondary lymphoid organs where they prime host T cells. The second is the indirect 

allorecognition pathway in which recipient DC capture, process and present alloantigens as 

peptides on their host Major Histocompatibility Complex (MHC) molecules and then prime T cells 

(16). The third pathway is the semi-direct allorecognition, characterized by the dual ability of 

recipient DC to present intact donor MHC molecules acquired by cell-to-cell contact of fusion with 

donor exosomes and to internalize and process donor MHC as peptides on recipient MHC 

molecules (17). Antigen presentation through the direct pathway of allorecognition plays a 

dominant role in initiating the adaptive immune response to a MHC-mismatched transplant. 

However, because there are a finite number of passenger leukocytes transferred within a 

transplanted organ, the role of the direct pathway in allograft rejection diminishes with time as 

eventually only other types of donor cells, such as endothelial cells remain in the graft to stimulate 

direct pathways T cells. Importantly the indirect pathway of allorecognition is available for antigen 

presentation for as long as the graft remains in situ, and therefore becomes the dominant mode of 

allorecognition long-term. The significance of the semi-direct pathway of allorecognition in the 

context of rejection remains to be elucidated (18).  

As a consequence of allorecognition, antigen specific signals deliver to T cells through the T-Cell 

Receptor (TCR-CD3). Signals through TCR-CD3 alone are not sufficient to fully activated naïve T 

cells. A second essential signal is provided by the interaction of costimulatory molecules with their 

ligands. Costimulatory molecules can essentially be divided into two families: the B7 family which 

is best characterized by the T-cell costimulatory molecules CD28 and CD152 (CTLA4) and the 

Tumor Necrosis Factor (TNF)/TNF receptor family of which the prototype receptor-ligand pair are 

CD40 and CD154 (CD40L) (19). Signal transduction through TCR and costimulatory pathways 

then lead to “signal 3”, represented by generation of large amount of proliferative cytokines, mainly 

Interleukin (IL)-2, which in turn promotes cell cycle progression and initiates the clonal expansion 

and differentiation of activated T cells (18).  
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After activation, depending on the microenvironment and additional signals, naïve alloreactive 

CD4+ T cells acquire helper function (Th). Different Th subsets exist, each with unique 

transcription factor and cytokine signature referred to as Th1, Th2 and Th17. In a proinflammatory 

environment, naïve CD4+ T cells differentiated mainly into Th1 and Th17cells. Th1 cells that 

express the transcription factor Tbet and secrete Interferon- (IFN-) and IL-2, are involved in 

cytototoxic T lymphocyte (CTL) priming, stimulation of the B cell humoral response and activation 

of other cell type such as NK cells. Th17 cells characterized by the expression of RORT, secrete 

IL-17. IL-17 stimulates the production of proinflammatory cytokines leading to the recruitment of 

neutrophils and macrophages to the graft. There is evidence that Th17 cells and also IL-17-

producing CD8+ T cells have the capacity to play a role in rejection, particularly in the absence of a 

Th1 response (20). Alloantigen-specific CD8+ T cells, after differentiation in CTL migrate to the 

graft where they recognize target cells via their allogeneic MHC class I molecules. Killing by CTLs 

is mediated mainly by the secretion of perforin, granzyme B or by the Fas/FasL pathway (18).  

T cells come in two general flavours: naïve and memory (21). Naïve T cells mount primary 

responses to foreign antigens not previously encountered by the host. They are present at a low 

frequency for any given antigen, have a relatively high stimulation threshold and can only be 

activated within secondary lymphoid tissues. Memory T cells in contrast, mount a secondary 

immune response to antigens previously encountered by the individual. Memory T cells are long-

lived lymphocytes that exist at a greater frequency for previously encountered antigens than their 

naïve counterparts, have a low stimulation threshold, a high proliferative capacity and they are less 

dependent on costimulation for activation. Moreover, although the activation of naïve T cells is 

clearly dependent on encountering antigen presented by professional APC within secondary 

lymphoid tissues, memory T cells can be activated within the transplanted organ itself, and, 

importantly, their activation may or may not require professional APC or the costimulatory stimuli 

that they provide (22, 23).  

A significant proportion of memory T cells, either pre-existing or de-novo generated is present in 

human patients and can directly attack grafted organs, threatening transplant survival (23). In 

transplant setting, blood transfusion, pregnancy, or prior transplant all lead to the induction of donor 

specific memory T cells (23). Other mechanisms include heterologous immunity and homeostatic 

proliferation. Heterologous immunity is defined as the ability of memory T cells specific for a 

microbial antigen to cross-react with allogeneic MHC molecules through direct recognition. A 

major implication of heterologous immunity is that in humans in an open environment plus a 

normal history of vaccination and infections, pathogen-specific memory T cells that are potentially 

reactive to transplant antigens are likely to be numerous (22, 24). Homeostatic proliferation occurs 
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in lymphopenic conditions and in the absence of antigenic stimulus. Mechanistically, homeostatic 

proliferation is mediated primarily by the availability of cytokines, especially IL-7 and IL-15, in the 

lymphopenic hosts. Homeostatic proliferation converts naive T cells directly to memory phenotype. 

This is a clinically relevant issue in transplantation as induction therapies with T-cell depleting 

agents are commonly used in transplant patients to reduce the mass of alloreactive T cells. After 

depletion therapies, residual T cells rapidly proliferate and acquire a memory phenotype that 

spontaneously skew toward a Th1 phenotype. This response may lead to an expanded memory pool 

in transplant recipients (25, 26). In animal models, memory T cells alone are sufficient to trigger 

rejection; they are among the first cell types infiltrating the grafts (27), this “second set” rejection is 

extremely difficult to inhibit. Indeed, current immunosuppressive drugs that are effective at 

inhibiting naïve T cells have minimal effects at preventing memory T cell-mediated rejection. So 

far, it is known that CD4+ memory T cells are resistant to steroid, deoxyspergualin and sirolimus. In 

contrast, calcineurin inhibitors, such as Cyclosporine A and Tacrolimus, inhibit their in-vitro 

activation and proliferation. However, there is a strong correlation between the presence of pre-

transplant alloreactive memory T cells and acute rejection episodes that occurred despite 

tacrolimus-based and sirolimus-based therapies. The poor transplant outcomes in patients with high 

memory T cell frequency suggest that the in-vivo efficacy of conventional immunosuppression 

drugs in containing memory T cells is limited (28-31). Thus, the success of future tolerance-

inducing therapies will demand rational development of combinatory novel strategies that target 

generation, homeostasis and effector functions of memory T cells. 
 

Mechanisms of tolerance to solid organ allografts 

Tolerance inducing strategies in experimental animals take advantage of natural mechanisms by 

which the immune system prevents self-reactivity and autoimmune diseases. Thus, like natural 

tolerance, transplant tolerance is achieved through two main mechanisms, not necessarily mutually 

exclusive: deletional mechanisms (actually in the thymus and in the periphery) in which donor 

reactive T-cell clones are destroyed, and non-deletional/immuno-regulatory mechanisms (including 

anergy, immune-deviation, active suppression-regulation) (32).  

Central tolerance has been exploited in transplantation by the induction in the recipient of 

hematopoietic chimerism after infusion of donor hematopoietic stem cells (33). To date the only 

reports of successfully “intentionally induced” tolerance in humans come from protocols involving 

bone marrow and kidney transplants from the same donors (34-39). Basically, these strategies 

foresee severe conditioning regimens of lymphoid irradiation, cytotoxic drugs, immunosuppressants 

and T cell-depleting antibodies before donor stem cell infusion and kidney transplantation. 
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However, the risk of infections and aplasia and ultimately death associated with the conditioning 

regimens may outweigh the potential benefit of tolerance - particularly when considering the 

excellent short-term outcomes currently achieved with conventional immunosuppression in organ 

transplantation - and makes further efforts mandatory for achieving acceptable relative risk/benefit 

ratio in clinical practice.  

Mechanisms of peripheral tolerance rely mainly of active down-regulation and physiologic 

termination of the allospecific T cell immune response. We now recognize that transplantation of 

MHC incompatible graft triggers the activation of graft destructive effector T cells and graft 

protective regulatory T cells (Tregs); it is the balance of such opposing subsets that ultimately 

determines the fate of an allotransplant (40).  

Regulatory T cells are a subset of CD4+ T cells that are defined by constitutively high expression of 

the transcription factor forkhead-box P3 (FOXP3) (41). FOXP3+ Treg can be divided into two 

groups: those that leave the thymus as naïve Tregs, also known as natural Tregs, and those that are 

derived in the periphery when CD4+ T cells are activated under tolerogenic conditions, also known 

as induced Tregs (42). Human CD4+FOXP3+ Tregs are better characterized by the combination of 

the markers CD127-/lowCD25highCD4+, since in humans FOXP3 can also be induced transiently and 

at low level in recently activated CD4+ T cells (43). When Tregs are activated in an antigen-MHC 

dependent manner they suppress many type of  immune cells ranging from dendritic cells to the 

downstream effector CD4+ and CD8+ T cells, including memory T cells (even though more Tregs 

are required to control their function (44)). The precise mechanisms are not yet clear but include 

direct cell-to-cell contact between Tregs and an effector cells, secretion and signalling of cytokines 

such as transforming-growth-factor- (TGF-), IL-2, IL-10 (45).  

The concept of reprogramming the peripheral immune system toward a state of transplantation 

tolerance was firmly established in mice with the discovery that a combination of blocking 

antibodies against CD4 and CD8 receptors could induce tolerance to allogeneic skin graft (46). 

Tolerance was induced without the need for stable chimerism, was found to be independent of the 

thymus and was also dominant – able to resist the infusion of large number of naïve T cells, which 

was a strong pointer to the presence of active immune regulation rather than any deletion of donor-

reactive T cells (47). Since then and after the discovery of the Treg specific transcription factor 

FOXP3, Tregs have been the focus of intense investigations that provide compelling evidence of the 

crucial role of Tregs, either natural or induced or both in inducing and maintaining tolerance to 

solid organ allografts (44, 48, 49). Thus, reprogramming the immune system toward Treg could 

represents a promising strategy for tolerance induction.  
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Mesenchymal stromal cells  

Mesenchymal stem cells were discovered four decades ago and were originally described as 

marrow-derived, nonhematopoietic cells that form colonies of fibroblastic nature (50). Later, these 

cells were found to have multilineage differentiation potential in bone, adipose tissue and cartilage 

both in-vitro and after transfer in-vivo (51), rising the idea that, in addition to the previously 

recognized hematopoietic stem cells, a second type of stem cells, non hematopoietic in nature, 

could be found within the bone marrow stroma. This idea was later reformulated (and to a some 

degree distorted (52)) into the current concept of Mesenchymal Stem Cells (53). The term 

Mesenchymal Stem Cells was later used to describe a wide variety of connective tissue cells from 

many tissues (adipose tissue, peripheral blood, fetal liver, lung, amniotic fluid, chorionic villi of the 

placenta, and umbilical cord blood and wall) with varying proliferation and differentiation potential 

and whose true stemness should be established by stringent in-vivo assays. The isolation of 

“Mesenchymal Stem Cells” by in-vitro expansion of plastic-adherent cells, from any sources, yields 

a mixture of cells which are very heterogeneous between different laboratories. Position paper from 

the International Society of Cellular Therapy (ISCT) (54) has attempted to unify the terminology 

and proposed the term “Multipotent Mesenchymal Stromal Cells (MSC)” that should include the 

source in the terminology, i.e., “bone-marrow MSC”, “adipose derived-MSC” or others. In addition, 

ISCT has also provided the following minimum criteria for defining human MSC: i) plastic-

adherent under standard culture conditions; ii) positive for CD105, CD73 and CD90 expression and 

negative for expression of CD11b, CD14, CD34, CD45, CD79a and HLA-DR surface markers; iii) 

under specific stimulus, cells should differentiate in-vitro into osteocytes, adipocytes and 

chondrocytes (54).  

The possibility that MSC exert functions other than those of stem or progenitor cells is supported by 

initial studies showing that MSC down-regulated T cell effector functions. MSC inhibited the 

proliferation and activation of T cells in co-culture experiments (55, 56), arrested activated T cells 

in the G0/G1 phase of the cell cycle, decreased their production of IFN- and IL-2, and 

downregulated CTL-mediated cytotoxicity (57-59). The inhibition is not MHC-restricted (60) and 

targets both naïve and effector/memory CD4+ and CD8+ T cells (61-63). MSC also favour the 

emergence of Tregs (64, 65) and drive CD4+ T cells (62), including fully differentiated Th17 (66), 

into cells with regulatory phenotype and function. Moreover, MSCs converted APC in an inhibitory 

or suppressor phenotype via cell-to-cell contact, thus locking DC (67-71) as well as macrophages 

(72-74) into a regulatory APC thereby favouring peripheral tolerance. Inhibition of immune cells 

rely essentially on a combinational effect from many immunosuppressive factors: TGF-, 

Prostaglandin-E2 (PGE2), Nitric Oxide (NO) and IL-10, indoleamine 2 3-dioxygenase (IDO), 
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HLAG-5 have been proposed as mediators of MSC-induced T-cell suppression and Treg expansion, 

while MSC use IL-6, Macrophage colony-stimulating factor (M-CSF) in addition to PGE2 and IL-

10 to suppress APC maturation. These molecules are minimally expressed in resting MSC unless 

they are primed or “licensed” by several inflammatory cytokines (75). Recently, the Tumor-

necrosis-factor--Stimulated gene 6 protein (TSG-6) has been reported as the most relevant MSC-

derived factor involved in the interaction between MSC and macrophages/APC (76, 77).  

In animal models, MSCs have been extensively studied in immune disease models such as graft-

versus-host disease (GvHD), experimental autoimmune encephalomyelitis, collagen-induced 

arthritis, type 1 diabetes, and systemic lupus erythematosus (SLE) (78-83) with beneficial effects of 

MSCs on T helper (Th)1-driven diseases. The success of MSCs in modulating immune responses in 

preclinical studies have prompted exploration of MSCs in clinical settings. Currently, there are 92 

registered clinical trials evaluating the potential of MSC based cell therapy worldwide 

(ClinicalTrials.gov, http://clinicaltrials.gov/). In initial small pilot studies MSCs have been 

successfully applied to revert GvHD in patients receiving bone marrow transplantation, especially 

in patients diagnosed with severe steroid resistance (84-86). Similarly, in SLE and Crohn’s disease 

patients, both autologous and allogeneic MSCs were able to suppress inflammation and reduce 

damage to kidneys and bowel, supposedly by induction of regulatory T cells in patients (87-90). 

Collectively, the emerging data suggest that MSCs dampen effector T cell response, including 

memory  cells, while promoting the emergence of Tregs. By skewing this balance MSC hold great 

promise as immunomodulatory cell therapy for tolerance induction in organ transplantation. 
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OBJECTIVES OF THE THESIS 

 

Based on the above evidence, a number of studies either in experimental models of solid organ 

transplantation or in kidney transplant recipients were designed and performed in this thesis with 

the aim to establish the tolerogenic potential of MSC, their mechanisms of action as well as safety 

of infusion eventually finding out the best cell infusion protocol to be applied in large clinical 

transplantation.  

The tolerogenic potential of MSC has been first evaluated in a murine model of semi-allogeneic 

heart (B6C3 heart in B6 recipient mice) transplantation (Chapter 2). Either donor-derived or 

recipient-derived MSC isolated from the bone marrow were infused in unconditioned mice before 

transplantation. The effect of either single vs double pre-transplant MSC infusion as well as the 

effect of the site of MSC injection (portal vs tail vein) were evaluated in this model. The mechanism 

by which MSC induced tolerance was also studied through ex-vivo experiments. Results show that 

donor-derived MSC were effective in prolonging heart graft survival when infused into the portal 

vein 7 days before surgery. Combining a further i.v. injection of MSC 1 day before transplantation 

to the portal vein infusion of MSC did not result in additional effect on graft survival. The same 

tolerogenic potential was shared by recipient-derived MSCs when given by tail vein infusion pre-

transplantation. Both donor-derived and recipient-derived MSCs mediated their immunomodulation 

by the generation of donor-specific Tregs in recipient animals. 

These results provided the basis for the design of a safety and clinical feasibility pilot study of 

autologous bone-marrow derived MSC in transplant recipients of kidneys from a living donor. In-

vitro studies were first performed to establish the impact of rabbit anti-thymocyte globulin (RATG) 

as well as maintenance immunosuppressive drugs on MSC immunosuppressive properties. Based 

on these experiments the infusion of autologous MSC was set after transplantation. Results of the 

first two patients are reported in Chapter 3. This work showed that post-transplant MSC infusion 

induced a transient renal insufficiency characterized, at histological analysis, by an inflammatory 

infiltrate of neutrophils and complement C3 deposition but no evidence of graft rejection. It was 

hypothesized that the subclinical inflammatory environment of the graft in the few days post-

surgery could have favoured the prevalent intragraft recruitment and activation of the infused MSC 

promoting a proinflammatory environment with eventual acute renal dysfunction. This hypothesis 

has been confirmed back  into a murine kidney transplant model (Chapter 4) showing that a single 

administration of syngeneic MSC before (one day before surgery) but not after renal transplantation 

avoided the acute deterioration of graft function, while maintaining the immunomodulatory effects 

associated with MSC treatment, including a marked Treg expansion.  
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These experimental findings did represent a gain of knowledge to further implement our clinical 

protocol, aimed at creating favourable conditions for MSC-promoting immunomodulation avoiding 

any possible side-effects associated with cell infusion. In two subsequent living-related kidney 

transplant recipients bone-marrow derived autologous MSC were infused pre-transplant (day-1). 

Results, reported in Chapter 5, showed that pre-transplant infusion of MSC no longer negatively 

affect kidney graft while maintaining MSC-immunomodulatory properties.  

Finally, Chapters 6 and 7 are review chapters aimed at making the focus on the more recent 

acquaintance on MSC immunomodulatory effects in-vivo in experimental transplant models as well 

as in early clinical experiences in kidney transplantation, and discuss topics of crucial importance 

for the future clinical use of MSC as immunotherapy in solid organ transplantation.  
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Pretransplant Infusion of Mesenchymal Stem Cells Prolongs
the Survival of a Semiallogeneic Heart Transplant through the
Generation of Regulatory T Cells1

Federica Casiraghi,*‡ Nadia Azzollini,*‡ Paola Cassis,*‡ Barbara Imberti,‡ Marina Morigi,‡

Daniela Cugini,*‡ Regiane Aparecida Cavinato,*‡ Marta Todeschini,*‡ Samantha Solini,*‡

Aurelio Sonzogni,† Norberto Perico,*‡ Giuseppe Remuzzi,*†‡ and Marina Noris2*‡

In this study, we investigated whether mesenchymal stem cells (MSC) had immunomodulatory properties in solid organ allo-
transplantation, using a semiallogeneic heart transplant mouse model, and studied the mechanism(s) underlying MSC tolerogenic
effects. Either single (portal vein, day !7) or double (portal vein, day !7 and tail vein, day !1) pretransplant infusions of
donor-derived B6C3 MSC in B6 recipients induced a profound T cell hyporesponsiveness and prolonged B6C3 cardiac allograft
survival. The protolerogenic effect was abrogated when donor-derived MSC were injected together with B6C3 hematopoietic stem
cells (HSC), suggesting that HSC negatively impact MSC immunomodulatory properties. Both the induction (pretransplant) and
the maintenance phase (>100 days posttransplant) of donor-derived MSC-induced tolerance were associated with
CD4"CD25"Foxp3" Treg expansion and impaired anti-donor Th1 activity. MSC-induced regulatory T cells (Treg) were donor-
specific since adoptive transfer of splenocytes from tolerant mice prevented the rejection of fully MHC-mismatched donor-specific
secondary allografts but not of third-party grafts. In addition, infusion of recipient-derived B6 MSC tolerized a semiallogeneic
B6C3 cardiac allograft, but not a fully MHC-mismatched BALB/c graft, and expanded Treg. A double i.v. pretransplant infusion
of recipient-derived MSC had the same tolerogenic effect as the combined intraportal/i.v. MSC infusions, which makes the
tolerogenic protocol applicable in a clinical setting. In contrast, single MSC infusions given either peritransplant or 1 day after
transplant were less effective. Altogether these findings indicate that MSC immunomodulatory properties require HSC removal,
partial sharing of MHC Ags between the donor and the recipient and pretransplant infusion, and are associated with expansion
of donor-specific Treg. The Journal of Immunology, 2008, 181: 3933–3946.

T ransplantation is regarded as the only therapeutic choice
for the end-stage failure of several organs; however,
the prolonged acceptance of transplanted organs re-

quires long-term use of combinations of immunosuppressive
drugs. This treatment risks infection and a range of side effects,
which, along with the inexorable chronic allograft injury, limit
the life of the transplanted organs and the patients (1). The most
appealing solution to these problems is the induction of trans-
plantation tolerance, defined as lifelong, donor-specific unre-
sponsiveness without the need of chronic immunosuppression
(2). In recent years, several clinically relevant tolerance-induc-
tion regimens have been reported in experimental models.
Many of these approaches incorporate infusion with either ma-
ture cells or stem cells (3–7).

Mesenchymal stem cells (MSC)3 produce the stromal matrix,
which constitutes the bone marrow microenvironment, and support
the growth of hematopoietic progenitor cells (8, 9). Potential in-
terest to transplant medicine derives from the observation that
MSC are immunoprivileged and display immunosuppressive ca-
pacities (10, 11). Due to low expression of MHC class II (MHCII)
in unstimulated conditions (12–14) and absence of costimulatory
molecules such as B71, B72, CD40, and CD40L on the cell surface
(13, 15, 16), MSC escape the immune system and therefore could
be infused into an allogeneic host without being rejected, eventu-
ally avoiding the need of conditioning regimen (12, 17). In vitro
studies with human (13, 14, 16, 18–20), baboon (21), rat (22), and
murine (23–26) MSC have shown that they prevent T cell re-
sponses to cellular and to nonspecific mitogenic stimuli, targeting
both naive and memory CD4! and CD8! T cells (13, 25). More-
over, in vitro MSC-induced T cell suppression occurs indepen-
dently of MHC matching with either stimulatory cells or responder
lymphocytes in a MLR (21, 23) in a dose-dependent manner (13).

Notwithstanding the considerable amounts of in vitro data sup-
porting the nonimmunogenicity and immunomodulatory effects of
MSC, scanty and conflicting data are available on the immuno-
modulatory capacities of these cells in vivo. Allogeneic MSC in-
fusion slightly prolonged skin allograft survival in immunocom-
petent baboons (21), prevented the rejection of allogeneic B16
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melanoma cells in immunocompetent C3H mice (23), and attenu-
ated graft-versus-host disease in mice (27) and in humans (28, 29).
In mice, administration of autologous MSC also prevented the de-
velopment of autoimmune encephalomyelitis (30). On the con-
trary, MSC infusion failed to prevent graft rejection (22) or did
result in a very modest prolongation of graft survival (31, 32) in
fully MHC-mismatched vascularized heart transplant models in
rodents.

The present study was designed 1) to investigate the effectiveness
of MSC in promoting immunosuppression/tolerance in the context of
vascularized solid organ transplantation in a mouse model of semial-
logeneic heart transplantation; 2) to dissect the mechanism(s) under-
lying the potential MSC tolerogenic effects in vivo with a main focus
on the role of regulatory T cells (Treg); and 3) to find out the best
tolerogenic MSC infusion protocol.

Materials and Methods
Mice

Male and female inbred C57BL/6 (B6, H-2b), (C57BL/6 " C3H)F1 (B6C3,
H-2b,k), C3H (C3, H-2k), and BALB/c (H-2d) mice were purchased from
Charles River Laboratories. Animal care and treatment were conducted in
conformity with the institutional guidelines that are in compliance with
national (DL n.116, GU suppl 40, 18 febbraio 1992, Circolare no. 8, GU 14
luglio 1994) and international laws and policies (European Economic
Community Council Directive 86/609, OJL 358, December 1997; National
Institutes of Health Guide for the Care and Use of Laboratory Animals,
U.S. National Research Council, 1996). Animals were housed in a constant
temperature room with a 12-h dark/12-h light cycle and fed a standard diet.

MSC isolation and expansion

Bone marrow (BM) was obtained from 2-mo-old B6C3 or B6 mice.
Briefly, mice were killed and femurs and tibias were aseptically removed.
BM was flushed from the shaft of the bone with DMEM (Sigma-Aldrich)
containing 5% FCS (Invitrogen) and then filtered through a 100-!m sterile
filter to produce a single-cell suspension. MSC were recovered from BM
by their tendency to adhere tightly to the plastic culture dish and were
isolated as previously described (33). Filtered BM cells were plated in
DMEM/10% FCS and allowed to adhere for 6 h. Adherent cells were then
cultured for 2–3 wk with medium change every 3 days. Thereafter, primary
MSC cultures were collected and immunodepleted of CD45! and CD11b!

cells. After blocking with PBS/0.5% BSA, cells were incubated for 20 min
with rat anti-mouse CD45 and rat anti-mouse CD11b Abs (0.2 !g/106

cells; Caltag Laboratories), washed, and then incubated with goat anti-rat
IgG magnetic microbeads (Miltenyi Biotec). CD45#CD11b# MSC were
then isolated by a MACS system (Miltenyi Biotec). FACS analysis
(FACSort; BD Biosciences) on purified MSC confirmed the absence of
CD45 and CD11b expression ($95% CD45#CD11b#cells). MSC proper-
ties to differentiate toward osteoblasts, adipocytes, and chondroblasts in
vitro have been routinely assayed as previously described (33).

Hematopoietic stem cell (HSC) isolation

For HSC isolation, total BM cells were incubated with rat anti-mouse
mAbs specific for the following lineage markers: CD4, CD8, CD45R/
B220, CD11b, Gr-1, and Ter-119 (Caltag Laboratories). After washing,
labeled cells were incubated with magnetic microbeads and depleted by
magnetic cell sorting (Miltenyi Biotec) as previously described (33). The
obtained lineage-negative cells (Lin#) were then incubated with rat anti-
mouse CD117 (c-Kit) PE conjugate (Caltag Laboratories). Positive cells
were then isolated by cell sorting (FACSAria; BD Biosciences) to obtain
purified Lin#c-Kit! HSC preparations (97%).

Detection of donor MSC in recipient tissues

For in vivo tracking experiments, male B6C3 or B6 MSC were labeled with
PKH26 according to the manufacturer’s protocol (Red Fluorescence Cell
Linker Kit; Sigma-Aldrich) and infused into B6 mice. Labeling efficacy
was found to be $90% by FACS analysis. At sacrifice, single-cell suspen-
sions were obtained from spleen, lymph nodes (cervical, mesenteric, and
iliac), thymus, bone marrow, and blood and analyzed by FACS for the
presence of PKH26-labeled MSC. As negative controls, single-cell sus-
pensions from naive mice (n % 3) were run in parallel. From each sample,
500,000 cells were analyzed and the number of events falling in the PKH26
fluorescence window was recorded. No positive events were found in the

PKH26 fluorescence window with negative control cells. The total number
of PKH26! cells in each tissue was calculated by relating the number of
PKH26! events in 500,000 cells to the total number of cells in each tissue
and the percentage of PKH26! MSC/total MSC infused was calculated as
follows: number of PKH26! cells in each tissue/total number of infused
PKH26-labeled MSC (500, 000) " 100.

To evaluate MSC engraftment in the liver and lungs, the organs from
PKH26! MSC-infused mice were fixed in paraformaldehyde, impregnated
with sucrose, and rapidly frozen. Tissues were then sectioned on a cryostat
(8 !m), fixed with acetone, stained with 4&,6-diamidino-2-phenylindole (1
!g/ml; Sigma-Aldrich), and analyzed by fluorescence confocal micros-
copy. For each tissue, three nonconsecutive sections were analyzed and
PKH26! cells in each section were counted. Results are expressed as mean
number of PKH26! cells per section.

Heterotopic heart transplant

B6C3, C3, or BALB/c hearts were transplanted into the abdomen of B6
recipients (34). Mice were anesthetized by inhalation of isofluorane (Ab-
bott Laboratories). Donor hearts were perfused with chilled, heparinized
saline via the inferior vena cava and harvested after ligation of the superior
vena cava and pulmonary veins. The aorta and pulmonary artery of donor
hearts were anastomosed to the abdominal aorta and inferior vena cava of
recipient mice, respectively, using a microsurgical technique. Recipients
were kept on a warming blanket and under a heating lamp to recover
postoperatively. Ischemic time during the surgical procedure was routinely
30 min. Graft survival was followed by palpation at least three times per
week. Rejection was defined by complete cessation of palpable contraction
confirmed by direct visualization.

Graft histology

Fragments of cardiac allografts were fixed in 10% neutral formalin, em-
bedded in paraffin, sectioned, and stained with H&E. Sections were exam-
ined microscopically and graded (from mild to severe) for acute rejection
changes: presence of vasculitis, infarction, lymphocytic infiltration, throm-
bosis, and hemorrhage. The development of chronic rejection was evalu-
ated by the presence of vessels, including coronary arteries and arterioles,
affected by obliterative vasculopathy.

Adoptive cell transfer

Spleen cells or electronically sorted splenic CD4! T cells, CD4! T cell
subsets, and CD8! T lymphocytes were obtained from mice with long-
term graft survival, from infused and naive mice. Cells were then diluted
in PBS and injected into the tail vein of naive mice the day before heart
transplantation. No immunosuppressive drugs were given to the animals.

MLR and proliferation studies

Spleen cell suspensions were obtained by passing the spleen through a
70-!m cell stainless steel strainer and the erythrocytes were depleted by
hypotonic lysis. CD4! T cells were isolated using mouse CD4! T cell
isolation kit (Miltenyi Biotec) and used as responders (0.5 " 106 cells) in
the MLR. Either 4000-rad irradiated splenocytes or irradiated mesenchy-
mal stem cells (0.5 " 106 cells) were used as stimulators. Cells were
resuspended in complete RPMI 1640 supplemented with 10% heat-inacti-
vated FCS and antibiotics (Invitrogen) or in conditioned medium from
primary MLR with MSC. MLR were conducted in 96-well plates and cells
were cultured for 72 h. Cell proliferation was determined by pulsing the
cells with [3H]thymidine during the last 14–16 h of culture and measuring
the radioactivity incorporated by liquid scintillation counting. Proliferative
response was expressed as 'cpm by subtracting the cpm recorded in the
control syngeneic combination from the cpm of allogeneic combinations.

T cell proliferation in response to anti-CD3/anti-CD28 Abs was assessed
by coating 96-well flat-bottom plates with anti-CD3 mAb (0.5 !g/well,
hamster anti-mouse CD3, clone 7D169; Serotec) overnight at 4°C. Wells
were then washed and spleen cells (0.5 " 106/wells) were added with 0.2
!g/well anti-CD28 mAb (hamster anti-mouse CD28, clone 37.51.1; Caltag
Laboratories). For experiments studying the induction of anergy, 100
IU/ml IL-2 (mouse rIL-2; BD Biosciences) was added to the wells. Cell
proliferation was determined by pulsing the cells with [3H]thymidine dur-
ing the last 14–16 h of culture and measuring the radioactivity incorporated
by liquid scintillation counting. Proliferative response was expressed
as cpm.

Flow cytometry analysis

Mesenchymal cell surface phenotypic analysis was performed by flow cy-
tometric analysis using FACSort. The following Abs were used: FITC-
conjugated mouse anti-mouse H-2Kb, R-PE-conjugated rat anti-mouse I-A/

3934 MSC PROLONG CARDIAC ALLOGRAFT SURVIVAL BY Treg GENERATION

jpiffari
22



I-E (BD Biosciences), R-PE-conjugated rat anti-mouse CD44 (clone IM7;
Biolegend), and R-PE-conjugated rat anti-mouse CD86 (clone GL1; BD
Biosciences). FITC-conjugated rat anti-mouse CD4 (clone CT-CD4;
Caltag Laboratories), allophycocyanin-conjugated rat anti-mouse CD25
mAb (Biolegend), R-PE- conjugated rat anti-mouse CD8"/Lyt-2 mAb
(Southern Biotechnology Associates), and R-PE-conjugated anti-mouse/rat
forkhead box p3 (Foxp3) staining set (clone FJK-16s; eBioscience) were
used for splenocyte phenotypic analysis and cell sorting (FACSAria; BD
Biosciences). To block nonspecific binding, a 30-min preincubation with
5% rat serum was performed. All stainings include negative controls with
isotype Abs. Light scattering parameters were set to exclude dead cells and
debris.

Real-time quantitative PCR for Foxp3, IFN-#, and IL-10 in
cardiac allograft tissues

Total RNA was obtained from cardiac tissue by homogenization followed
by TRIzol extraction (Invitrogen). RNA was treated with DNase and re-
verse transcribed to cDNA by Superscript II (Invitrogen). Quantitative real-
time PCR was performed on a TaqMan Applied Biosystems Prism 5700
Sequence Detection System with Power SYBR Green Master Mix and the
following specific primers: mouse Foxp3 (GenBank sequence
NM_054039): forward (300 nM) 5&-GCG AAA GTG GCA GAG AGG
TAT T-3&; reverse (300 nM) 5&-TTC CAA GTC TCG TCT GAA GGC-3&;
mouse IFN-# (GenBank sequence NM_008337): forward (300 nM) 5&-
TGA ATT CAT GAG TAT TGC CAA GT-3&; reverse (300 nM) 5&-GCT
TCC TGA GGC TGG ATT CC-3&; and mouse IL-10 (GenBank sequence
NM_010548): forward (300 nM) 5&-CGG CTG AGG CGC TGT C-3&;
reverse (300 nM) 5&-TGC CTT GCT CTT ATT TTC ACA GG-3&;
GAPDH served as housekeeping gene. The ''Ct equation was used to
compare the target gene expression in each sample with the expression in
control mouse lymph nodes taken as calibrator (set to 1 arbitrary unit).

Immunohistochemical analysis

We analyzed in situ intragraft CD4! T cells by an immunofluorescence
technique on frozen tissue sections. Cardiac sections (8 !m) were cut with
a cryostat, air-dried, and fixed with acetone. We incubated the sections with
the Abs: FITC-conjugated rat anti-mouse CD4 (100 !g/ml, clone RM4-5;
BD Pharmingen) and rat anti-mouse Foxp3 mAbs (20 !g/ml, clone
MF333F; Alexis) followed by Cy3-conjugated goat anti-rat IgG (6 !g/ml;
Jackson ImmunoResearch Laboratories). The double immunofluorescence
staining was analyzed by an inverted confocal laser scanning microscope
(LS 510 Meta; Zeiss). The numbers of total single- and/or double-positive
cells were counted in at least 10 randomly selected high-power fields. For
each animal, the total CD4! cell counts and the percentage of
CD4!Foxp3! on CD4! were calculated.

ELISPOT assays

ELISPOT assays were performed using BD ELISPOT mouse IFN-# and
IL-10 reagents. Responder splenocytes were placed in 96-well ELISPOT
plates (Millipore) precoated with capture anti-IFN-# or anti-IL-10 Ab at
the concentration of 100,000/well for IFN-# or 250,000/well for IL-10
assays. The same number of stimulator cells (irradiated splenocytes) from
B6C3, BALB/c, and B6 (self-combination) mice were added to the wells
and the plates were incubated at 37°C in 5%CO2 for 48 h. Aliquots of
responder splenocytes were also incubated with medium alone (negative
controls). Each combination was run in triplicate wells. The assays were
then conducted according to the manufacturer’s instructions. The resulting
spots were counted on a computer-assisted Immunospot image analyzer
(Aelvis ELISPOT Scanner System). Results are the mean value of spots/
per 100,000 (IFN-#) or spots per 250,000 (IL-10) recipient splenocytes
stimulated with B6C3 or BALB/c cells after subtracting spots in negative
controls (usually 2 or less).

Statistical analysis

Data are reported as mean ( SEM. Survival data were compared using the
log-rank test. All of the other data were analyzed by ANOVA. Differences
with a p ) 0.05 were considered significant.

Results
MSC characterization

MSC, isolated from BM by their adherence to plastic, consisted of
a heterogeneous cell population with a spindle-shaped morphol-
ogy. At this stage, FACS analysis of MSC preparation revealed a
15–35% of contaminating cells that expressed CD45 and CD11b

hematopoietic markers. After further purification by MACS,
$95% of cells were CD45#CD11b#. Murine CD45#CD11b#

MSC expressed low levels of MHC class I and MHCII and were
positive for CD44 (on average 44%) and negative for CD86, as
shown in Fig. 1A.

MSC are not immunogenic and suppress T cell proliferation
in vitro

As shown in Fig. 1B, murine MSC themselves did not elicit a
proliferative response by allogeneic CD4! T cells. Indeed, B6
CD4! T cell proliferation against B6C3 MSC was negligible and
significantly lower than the proliferation induced by mature
splenocytes from B6C3 mice.

B6C3 MSC added at a 1:10 ratio (MSC:CD4!T cells) to naive
MLR cultures significantly reduced the proliferative response of
allogeneic B6 CD4!T cells to splenocytes from the same MSC
donor strain (Fig. 1B). B6C3 MSC at the same concentration also
significantly lowered the proliferation of allogeneic B6 CD4!T
cells elicited by third-party splenocytes from BALB/c mice (Fig.
1B). When naive MLR were repeated in the presence of condi-
tioned medium (diluted 1/10) collected from the above MSC-MLR
cocultures, the CD4! T cell proliferative alloresponse was not af-
fected, whereas 20–30% reduction was observed with conditioned
medium diluted 1/5 (Fig. 1B). These results would suggest that in
our experimental conditions the MSC immunomodulatory effect
was mainly cell-contact dependent.

To test whether MSC were capable of suppressing the prolifer-
ation of autologous CD4! T cells in MLR as well, graded doses of
B6 MSC were added to a naive MLR with B6 CD4! T cell re-
sponders and B6C3 splenocytes as stimulators. For comparison,
additional MLR with graded doses of B6C3 MSC added to allo-
geneic B6 CD4! T cell responders and B6C3 splenocyte stimula-
tors were performed. MSC were able to suppress the proliferation
of both allogeneic and autologous CD4! T cells to alloantigens in
a dose-dependent manner and to a comparable extent (Fig. 1C).

In vivo tissue distribution of MSC

We next evaluated in vivo the distribution of either allogeneic
B6C3 or syngeneic B6 PKH26-labeled MSC (0.5 " 106) infused
either in the portal vein or in the tail vein of B6 mice. After 1, 7,
and 21 days, single-cell suspensions were obtained from bone mar-
row, thymus, spleen, lymph nodes, and blood and analyzed by
FACS for the presence of PKH26! MSC. The tissue distribution
and the degree of engraftment of allogeneic MSC was similar to
those of syngeneic MSC both after tail vein and after portal vein
injection (Fig. 2A). FACS analysis of blood from mice in all ex-
perimental group did not reveal any PKH26! cells (data not
shown). In both syngeneic and allogeneic combinations, infusion
via tail vein was associated with higher percentages of MSC lo-
calizing in secondary lymphoid tissues as compared with intrapor-
tal injection. Indeed, 1 day after tail vein injection, *12–19% of
the overall PKH26! MSC infused localized in the spleen and
4–5% localized in lymph nodes, as compared with 5–7% and 1.4%
found in spleen and lymph nodes of mice given the cells via the
portal vein. On the other hand, the amount and distribution of MSC
in bone marrow and thymus were not influenced by the site of
injection (Fig. 2A). Seven and 21 days after infusion, PKH26!

MSC were hardly or not detectable in bone marrow and lymphoid
tissues of recipient animals, either in allogeneic or in syngeneic
settings (Fig. 2A), irrespectively from the site of injection.

We next evaluated MSC engraftment in lungs and livers by
fluorescence microscopy. After intraportal injection of either allo-
geneic or syngeneic PKH26! MSC, approximately six to eight
cells per section and four to five cells per section were detected in
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the liver 1 and 7 days after infusion, respectively (Fig. 2, B–D).
Lower but detectable numbers of allogeneic and syngeneic MSC
were found in the liver 1 day after tail vein injection, whereas at 7
days PHK26-labeled MSC were negligible ( p ) 0.05 vs portal
vein infusion; Fig. 2B). No PKH26! MSC were found in lungs
from mice receiving either syngeneic or allogeneic MSC via the
portal vein (Fig. 2B). Few positive cells were found in lungs at 1
day (Fig. 2, B and E) but not at 7 days after tail vein injection. No
PKH26! MSC cells were found in liver and lungs taken 21 days
after infusion in any experimental group (data not shown).

To evaluate the distribution and compartmentalization of MSC
after transplantation, additional mice received double infusion
(portal vein, day #7; tail vein, day #1) of either allogeneic B6C3
or syngeneic B6 PKH26-labeled MSC (0.5 " 106 each infusion)
and were transplanted with a B6C3 heart at day 0 or left untreated.
Tissues were collected and analyzed 7 days later (i.e., 15 days after
the first MSC infusion). As shown in Fig. 2A, both allogeneic and
syngeneic MSC were hardly detectable or even absent in bone

marrow and lymphoid tissues, with no apparent difference between
transplanted and untransplanted animals studied at the same time
point. Few PKH26!cells were found in the livers of either trans-
planted or untransplanted mice (Fig. 2B), whereas MSC were vir-
tually absent in lung tissues (Fig. 2B).

Donor-derived MSC infusion prolongs the survival of a
semiallogeneic heart transplant

To evaluate whether MSC had immunomodulatory effects in vivo,
we infused B6C3 (H-2b,k) MSC (0.5 " 106) into the portal vein of
semiallogeneic B6 (H-2b) mice. Injection into the portal vein was
done on the basis of previous studies showing that the liver is a
privileged organ for donor allogeneic mature (splenocytes) or stem
cell (bone marrow or embryonic stem cells) engraftment and de-
velopment of tolerance (5, 35–37). Seven days later, mice were
sacrificed and splenocytes isolated to perform MLR assays. CD4!

T cells from the spleen of MSC-infused mice had a reduced MLR
proliferative response toward either donor B6C3 or third-party

FIGURE 1. MSC are not immunogenic and suppress T cell proliferation in vitro. A, Expression of H-2K, I-A/I-E, CD44, and CD86 in CD45#CD11b#

MSC. Representative FACS histograms and the percentage of positive cells with the indicated mAbs are shown. B, Effect of MSC on T cell proliferative
response. Responders B6 CD4! T cells (0.5 " 106) were stimulated for 3 days with an equal number of irradiated B6C3 MSC (f) or with irradiated
(4000-rad) allogeneic B6C3 or BALB/c splenocytes (!). Proliferative responses of naive B6 CD4!T cells against B6C3 or BALB/c splenocytes were also
evaluated in the presence of either B6C3 MSC at 1:10 (MSC: CD4! T cells) ratio (p) or conditioned medium (diluted 1/5 or 1/10 as indicated) collected
from a naive MLR run in the presence of B6C3 MSC (u). C, B6 CD4! T cells were cultured in MLR with allogeneic B6C3 splenocytes in the presence
of graded doses of B6 MSC (E) or B6C3 MSC (F). Proliferative results were expressed as 'cpm by subtracting cpm of syngeneic MLR from allogeneic
combinations. Results are mean ( SE of three independent experiments. SC, Spleen cells; #, p ) 0.05 vs B6C3 spleen cells; !, p ) 0.05 vs BALB/c spleen
cells.
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BALB/c (H-2d) stimulators as compared with the response of
CD4! T cells from naive mice run in parallel (Fig. 3A). When
splenocytes from infused mice were stimulated with anti-CD3/anti-
CD28 Abs, they were unable to proliferate (Fig. 3B) even in the
presence of a high dose of IL-2 (Fig. 3B), indicating that MSC
administration induced profound T cell hyporesponsiveness.

Based on striking inhibition of in vitro and ex vivo T cell acti-
vation by MSC, we sought to address whether MSC infusion had
tolerogenic properties in a murine model of solid organ transplan-
tation using the semiallogeneic combination of B6C3 donor hearts
in B6 recipients. Experimental groups are shown in Table I. Do-
nor-derived B6C3 MSC (0.5 " 106) were intraportally injected in
mice 7 days before transplantation (group 1). To evaluate the pos-
sible contribution of donor BM cells other than MSC in inducing
long-term graft acceptance, an additional group of mice receiving
intraportal donor total BM cells (0.5 " 106, group 2) was studied.
No immunosuppression was given to recipient mice.

Untreated B6 recipients (group 4) rejected a B6C3 heart within
13 days (Table I and Fig. 4A). Mice receiving an intraportal infu-

sion of donor MSC showed a significant ( p ) 0.05 vs untreated
mice) prolongation of graft survival. Of note, in 33% of MSC-
infused recipient mice, graft survival reached more than 100 days,
indicating that graft acceptance was achieved in a subgroup of
allograft recipients. At variance, slightly accelerated cardiac allo-
graft rejection was observed in group 2 mice given donor total BM
cells ( p ) 0.05 vs untreated mice; Table I and Fig. 4A).

To evaluate whether a single infusion into a peripheral vein was
effective in prolonging heart graft survival like portal vein infu-
sion, naive B6 mice (group 3) received 0.5 " 106 B6C3 MSC into
the tail vein 7 days before a cardiac B6C3 transplant. All mice
rejected their cardiac graft within 15 days (Table I and Fig. 4A).
These results suggest that liver is the favored site for tolerance
induction by MSC (5, 35–37).

In an attempt to enhance the in vivo tolerogenic properties of
MSC, recipient B6 mice were given two doses of 0.5 " 106 B6C3
MSC: an intraportal injection 7 days and an i.v. injection (tail vein)
1 day before transplantation of a B6C3 heart (group 5). Mice re-
ceiving two injections of donor total BM cells (group 6) were also

A % PKH26  MSC/total MSC infused (FACS analysis)+

Tail veina Portal vein a Transplantedb Untransplantedb

211 7 21 1515

Bone marrow allo MSC
syn MSC

1.8±0.8
1.7±0.4 0.2±0.2

3.2±0.8

Thymus allo MSC
syn MSC

3.1±0.9 0.6±0.8
1.3±0.0

days after MSC infusion

Lymph nodes allo MSC
syn MSC

5.0±0.4 § 0.5±0.4
3.7±0.3 §

Spleen allo MSC
syn MSC

19±1.4 § 0.0±0.0
12±5.0

B PKH26  MSC counts in livers and lungs (fluorescence microscopy)+

Liver allo MSC
syn MSC

1 7 1 7 15 15
§ §

§ §

Lung allo MSC
syn MSC

  0±0
0±0

0±0
0±0

E

Tail veina Portal veina Transplantedb
Untransplantedb

DC

days after MSC infusion

0.0±0.0
0.0±0.0
0.0±0.0

0.0±0.0
0.0±0.0

0.0±0.0
0.0±0.0

0.0±0.0 0.0±0.0
0.0±0.0

0.0±0.0

0.0±0.0

2.9±0.4

2.7±1.1
2.7±1.2

1.4±0.6
1.4±0.9

4.7±1.9
7.2±3.0

0.2±0.2
0.0±0.0

71

0.0±0.0
0.0±0.0

0.0±0.0
0.4±0.1

0.0±0.0
0.0±0.0

0.0±0.0
0.4±0.2

0.2±0.2
0.8±1.0

0.0±0.0
0.7±1.0

0.0±0.0
0.9±0.5

0.0±0.0
0.0±0.0

0.0±0.0
0.2±0.3

0.0±0.0
0.7±0.6

0.0±0.0
0.0±0.0

0.3±0.1
0.1±0.0

0.0±0.0
0.0±0.0

0.0±0.0
0.4±0.2

1.2±0.7
0.0±0.0

4.3±0.3
2.6±0.7

2.5±1.0
3.0±1.3

0.5±0.4
1.5±0.3

  0±0

8.3±1.2
6.8±1.3

  0±0
  0±0

  0±0
  0±0

4.3±0.3
5.3±0.9

2.0±1.0
2.0±1.3

0.8±1.0

2.0±1.3
2.3±0.8

FIGURE 2. In vivo tissue distribution of MSC. FACS (A) and fluorescence microscopy (B, confocal) analysis of PKH26! MSC in recipient tissues after
tail vein or portal vein injection of allogeneic and syngeneic MSC in naive or transplanted mice. a500,000 PKH26-labeled B6C3 (allo MSC) or B6 MSC
(syn MSC) were infused into the tail vein or into the portal vein of B6 mice. After 1, 7, and 21 days (n % 3 each) mice were killed. bAdditional mice received
a double infusion of allogeneic MSC or syngeneic MSC (500,000 at day #7, portal vein; 500,000 at day #1, tail vein, n % 3 each) and were transplanted
with a B6C3 heart at day 0 or left untreated. Seven days later (15 days after the first MSC infusion), mice were killed. At sacrifice, single-cell suspensions
were obtained from bone marrow, thymus, lymph nodes, and spleen and analyzed by FACS. The total number of PKH26! cells in each tissue and the
percentage of PKH26! MSC/total MSC infused were calculated as described in Materials and Methods. Liver and lung sections were analyzed by confocal
microscopy for the presence of PKH26! cells in three nonconsecutive sections. Results are expressed as mean number of PKH26! cells per section. §, p )
0.05 vs portal vein at the corresponding time point. C–E, Representative images of histological analysis of B6C3 PKH26!MSC (red cell) in recipient liver
1 (C) and 7 days (D) after intraportal infusion. E, Representative image of PKH26! MSC in recipient lung 1 day after tail vein infusion. Original
magnification, "400. allo, Allogeneic; syn, syngeneic.
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studied as controls. The double dose of donor MSC resulted in
significant prolongation of heart allograft survival as compared
with that observed after two injections of total BM cells or in
untreated recipients (Table I and Fig. 4B). There was, however, no
significant difference in graft survival between animals given one
or two MSC injections.

Histological analysis of rejected not beating allografts (n % 2)
taken 9–10 days after transplant from untreated B6 recipients of a
B6C3 heart revealed an intense interstitial mononuclear cell infil-
trate, many apoptotic and degenerating myocytes, scattered areas
of hemorrhage, and total or subtotal vascular luminal obliteration
(Fig. 5A). A similar histological picture was found in nonbeating
allografts taken at 10–12 days after transplant from the subgroup
of donor MSC-infused mice that rejected their grafts (n % 2 from
group 1 in Table I; Fig. 5B). Grafts obtained at $100 days after
transplantation from donor-derived MSC-tolerized mice (n % 3)
demonstrated mild, diffuse mononuclear cell infiltrate, viable myo-
cytes but also showed moderate signs of chronic allograft vascu-
lopathy (Fig. 5C), indicating that MSC infusion did not prevent
chronic rejection.

Donor-derived HSC antagonize MSC tolerogenic effects

MSC isolated using a plastic adherence method from rodent BM
usually contain heterogeneous cell populations including HSC
(38, 39).

FIGURE 3. Splenocytes from B6 mice receiving B6C3 MSC infusion
display hyporesponsiveness ex vivo. A, Isolated CD4! T cells (0.5 " 106)
from either naive (!, n % 5) or B6C3 MSC-infused B6 mice (sacrificed 7
days after infusion, u, n % 5) were cultured for 3 days with irradiated
(4000-rad) B6C3, BALB/c or syngeneic B6 splenocytes. MLR prolifera-
tive results (mean ( SE) are expressed as 'cpm by subtracting cpm of
syngeneic MLR from allogeneic combinations. #, p ) 0.05 vs naive mice.
B, Results of anti-CD3/anti-CD28 mAb stimulation of total splenocytes
from naive (!, n % 5) or B6C3 MSC-infused B6 mice (u, n % 5). IL-2
was added at a concentration of 100 U/ml. Results are mean ( SE. #, p )
0.05 vs naive.

Table I. Experimental groups and heart graft survival

Group Heart Recipienta Site and Timing Injected Cells Graft Survival (Days) MST

1 B6C3 B6 Portal vein, day #7 B6C3MSC 10, 12 " 3, 18, 25, 56, 78, $100 " 4 40b,c

2 B6C3 B6 Portal vein, day #7 B6C3 BM 7 " 3 7c

3 B6C3 B6 Tail vein, day #7 B6C3MSC 8, 10 " 3, 15 " 2 10
4 B6C3 B6 Untreated 9 " 3, 10, 12 " 2, 13 10
5 B6C3 B6 Portal vein, day #7; tail vein, day #1 B6C3MSC 8, 9 " 2, 10, 11 " 2, 20, 32, 50,

$100 " 5
26c,d

6 B6C3 B6 Portal vein, day #7; tail vein, day #1 B6C3 BM 8, 11, 14 11
7 B6C3 B6 Portal vein, day #7; tail vein, day #1 B6C3MSC!HSCe 7, 8 " 3, 13 8

a Recipient B6 mice received 0.5 " 106 B6C3 cell infusion.
b p ) 0.05 vs groups 2 and 3.
c p ) 0.05 vs group 4.
d p ) 0.05 vs groups 6 and 7.
e Lin#c-Kit! HSC (0.25 " 106) were injected with MSC.
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FIGURE 4. Donor MSC induce long-term cardiac allograft survival. A,
Either B6C3 MSC (portal vein, n % 12; tail vein, n % 6) or total BM cells
(portal vein, n % 3) were injected into recipient B6 (H-2b) mice 7 days
before cardiac B6C3 (H-2b,k) transplantation. Untreated B6 mice (n % 7,
no cell infusion) rejected B6C3 cardiac grafts within 13 days. Only donor
MSC infusion into the portal vein induced a significant prolongation of
cardiac allograft survival. §, p ) 0.05 vs no cell infusion; E, p ) 0.05 vs
total BM cell infusion and MSC tail vein. B, B6 recipients of B6C3 cardiac
grafts received two pretransplant infusions (portal vein at day #7 and tail
vein at day #1 before surgery) of donor MSC (n % 14), total BM cells (n %
3), MSC ! Lin#c-Kit! HSC (n % 5) or no cell infusion (n % 7). Only mice
receiving donor MSC showed prolonged survival of cardiac allografts
while recipients of total BM cells or MSC plus Lin#c-Kit! HSC promptly
rejected B6C3 cardiac grafts. #, p ) 0.05 vs no cell infusion, total BM
cells, and MSC ! HSC.
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To evaluate whether MSC and HSC could exert either syner-
gistic or antagonistic effects on tolerance induction, an additional
group of B6 mice received two injections of 0.5 " 106 B6C3 MSC
plus 0.25 " 106 B6C3 Lin#c-Kit! HSC (group 7) given 7 days
(portal vein) and 1 day (tail vein) before B6C3 heart transplanta-
tion. No prolongation of cardiac allograft survival was observed
with the combined cell treatment, indicating that HSC do not syn-
ergize but instead hamper the in vivo tolerogenic properties of
MSC (Table I and Fig. 4B). The presence of residual hematopoi-
etic cells in MSC preparations may at least in part explain failure
of some studies in showing an immunomodulatory effect of MSC
in organ transplantation in rodents (22).

Donor-derived MSC induce in vivo formation of Treg

To clarify whether MSC infusion induced the formation of Treg,
adoptive transfer experiments were performed. Forty million
splenocytes obtained from B6 mice sacrificed 7 days after intra-
portal infusion of 0.5 " 106 B6C3 MSC were given i.v. to B6
naive mice 1 day before donor B6C3 heart transplantation. As
shown in Fig. 6, all B6 mice adoptively transferred with spleno-
cytes from B6C3 MSC-treated mice showed prolongation of donor
B6C3 cardiac allograft survival ( p ) 0.05 vs naive recipients) that
was indefinite in 60% of animals.

We next investigated whether Treg had also a role in the main-
tenance phase of MSC-induced tolerance. To this purpose, mice
with long-term graft survival ($100-day survival of a B6C3 heart)
by either intraportal or combined intraportal and tail vein B6C3

MSC infusion were used as splenocyte donors for adoptive transfer
experiments. Naive B6 mice receiving splenocytes (40 " 106 i.v.)
from mice with long-term graft survival the day before transplan-
tation of a B6C3 heart had significant prolongation of graft sur-
vival ( p ) 0.05 vs mice receiving naive splenocytes; Table II).
Four of five mice had indefinite ($100 days) survival of the allo-
graft (Table II). Notably, spleen cells from these secondary trans-
planted mice were able to transfer tolerance to other naive B6
mouse recipients of a new B6C3 heart (Table III). Once these latter
animals were tolerant for more than 100 days, their splenocytes
transferred tolerance to additional naive recipients (Table III), fur-
ther documenting the infectious properties of MSC-induced Treg
(40). To document the donor-specificity of Treg, naive B6 mice
receiving splenocytes from animals tolerizing a B6C3 heart were
transplanted with fully allogeneic donor-specific C3 hearts. Two of
three mice showed a prolongation of heart survival (Table II). In
contrast, naive B6 mice receiving splenocytes from animals toler-
ized to a B6C3 heart promptly rejected a fully allogeneic third-
party BALB/c heart (Table II).

Altogether these data indicate that both the induction and the
maintenance phase of pretransplant donor MSC infusion-induced
graft acceptance were associated with the formation of Treg. Of
note, Treg isolated during the maintenance phase of MSC-induced
tolerance were donor specific.

Different subsets of T cells with regulatory properties have been
reported in literature, including CD4!CD25! Treg, CD4!CD25#

Treg, and certain CD8! T cell subsets, which may be induced in
vivo by protolerogenic strategies (41).

Additional experiments were done to identify the subset of Treg
responsible for MSC-induced infectious tolerance. CD4! and

A CB
FIGURE 5. Histological analysis of cardiac graft tissues. Representative images of grafts harvested from rejecting untreated mice 10 days after trans-
plantation (A), from donor MSC-infused mice acutely rejecting the graft 10 days after transplantation (B), and from donor MSC-tolerized mice $100 days
after transplantation (C).
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FIGURE 6. Splenocytes from donor MSC-infused mice transfer toler-
ance into naive mice. Survival time of cardiac grafts in naive B6 mice
adoptively transferred with splenocytes (40 " 106) from B6C3 MSC-in-
fused mice sacrificed 7 days after cell injection are shown. Donor B6C3
hearts had prolonged survival (n % 5) as compared with donor B6C3 (n %
3) hearts in B6 mice receiving naive splenocytes. §, p ) 0.05 vs B6 mice
given naive splenocytes.

Table II. Results of adoptive transfer experiments with spleen cells or
splenic T cell subpopulations from mice made tolerant by donor MSC to
a B6C3 hearta

Heart Graft Survival (Days) MST

Cell injection
Tolerant splenocytes B6C3 69, $100 " 4 $100b

CD4! T cells B6C3 $100 " 3 $100b

CD4!CD25! T cells B6C3 $100 " 3 $100b

CD4!CD25# T cells B6C3 14, 27, 38 27
CD8! T cells B6C3 13, 15, 14 14
Tolerant splenocytes C3 11, $40 " 2 $40b

Tolerant splenocytes BALB/c 8, 8, 11 8
Naive splenocytes B6C3 11, 12, 12 12
Naive splenocytes C3 7, 7, 7 7
Naive splenocytes BALB/c 8, 9, 10 9

a B6C3 and C3 donor and BALB/c third-party hearts were transplanted into B6
recipients the day after splenocyte or splenic T cell subpopulation injection.

b p ) 0.05 vs naive splenocytes.
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CD8! T cell subpopulations from splenocytes of mice with long-
term graft survival were sorted and transferred into naive B6 an-
imals the day before transplantation. Six million total CD4! T
cells, 1.5 " 106 CD4!CD25! T cells, 2.5 " 106 CD4!CD25# T
cells, and 4 " 106 CD8! T cells, that correspond to the number
of cells in each subset isolated by sorting 40 " 106 total spleno-
cytes from mice with long-term graft survival, were infused i.v.
Results are summarized in Table II. Naive B6 mice receiving ei-
ther total CD4! T cells or CD4!CD25! T cells from mice with
long-term graft survival had indefinite survival of the cardiac
B6C3 allograft, whereas mice infused with CD8! T cells acutely
rejected the donor heart within 15 days (Table II). Mice given
CD4!CD25# T cells showed a slight prolongation of cardiac al-
lograft survival, but eventually rejected the graft within 38 days.

To confirm the phenotype of MSC-induced Treg, we stained
splenocytes from mice, made tolerant to B6C3 hearts by B6C3
MSC infusion, with anti-CD4, anti-CD25, and anti-Foxp3 Abs.
We found a higher percentage of cells that coexpressed CD4,
CD25, and Foxp3 in splenocytes from MSC-tolerized mice than in
naive mice (Fig. 7, A and B, p ) 0.05 vs naive mice).

Real-time PCR of Foxp3 mRNA and immunohistochemical
analysis of CD4!FoxP3! cells were also performed in cardiac
allograft tissues to document Treg recruitment at the graft site.
Foxp3 mRNA levels were higher in MSC-tolerized heart allografts
than in rejected grafts from untreated recipients (Fig. 8A). Approx-
imately 30% of CD4! cells in beating heart allografts taken at
9–10, 21, and $100 days posttransplantation (Fig. 8, C and D)
from mice tolerized by donor MSC infusion expressed Foxp3. By
contrast, few CD4! cells in rejected nonbeating heart allografts
from untreated mice showed a positive staining for FoxP3 (Fig. 8,
B and D; p ) 0.05 vs MSC tolerized).

We next investigated whether expansion of Treg in mice with
long-term graft survival was associated with a Th1/Th2 shift. The
frequencies of anti-donor IFN-#-producing splenocytes from mice
studied at $100 days after transplant were lower than those from
untreated mice rejecting their graft at 7–10 days after transplant
(Fig. 7C). The frequency of IFN-#-producing splenocytes against
BALB/c was comparable in both groups (Fig. 7C). In contrast, the
frequency of anti-donor IL-10- producing splenocytes was com-
parable in MSC-tolerized (11.5 ( 4.4 spots/250.000 responders,

Table III. Survival of B6C3 heart transplants after serial adoptive transfers of splenocytes

Group Source of Adoptively Transferred Splenocytes Heart Survival (Days)

1 (first adoptive transfer) B6 recipient taken at $100 days after B6C3 MSC infusion and primary
B6C3 heart transplant

$100 " 3

2 (second adoptive transfer) Group 1 taken $100 days after B6C3 secondary heart transplant $100 " 3
3 (third adoptive transfer) Group 2 taken $100 days after B6C3 tertiary heart transplant $100 " 3

FIGURE 7. Expansion of CD4!

CD25!Foxp3! Treg and reduced T cell
alloreactivity in the spleen of MSC-toler-
ized mice. A, Phenotypic analysis was
performed on spleen cells isolated from
naive (n % 3, f) and from B6 mice re-
cipient of a B6C3 heart tolerized either by
donor-derived B6C3 MSC ($100 days
posttransplantation, n % 3, !) or by re-
cipient-derived B6 MSC ($100 days
posttransplantation, n % 3, p), by flow
cytometric analysis using anti-CD4, anti-
CD25, and anti-Foxp3 mAbs. The
percentages of splenic CD4!CD25!

Foxp3! cells are shown. #, p ) 0.05 vs
naive. B, Representative dot plots of
CD25!Foxp3! cells on gated splenic
CD4! T cells from donor MSC-tolerized
mice or naive mice. The percentages of
CD25!FoxP3! cells on gated CD4! T
cells are given in the boxes. C, Frequency
of alloreactive T cells from donor MSC-
tolerized mice ($100 days posttransplan-
tation, n % 7, !) or untreated B6 mice
rejecting a B6C3 heart (n % 5, u) by
ELISPOT for IFN-# following exposure
to donor (vs B6C3) and third-party (vs
BALB/c) alloantigens. The frequencies
of IFN-#-specific T cells were plotted as
spots per 100,000 splenocytes. Spleno-
cytes from naive mice were also incu-
bated with donor or third-party stimula-
tors as controls (n % 4, control range,
horizontal gray bars). E, p ) 0.05 vs
rejecting.
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n % 7) and in rejecting untreated mice (11.9 ( 2.9 spots/250.000
responders, n % 5).

These data indicate that tolerance induced by MSC infusion is
characterized by reduced Th1 effector cells without Th2 shift.

Consistently, we found less IFN-# mRNA expression in cardiac
grafts from mice with long-term graft survival as compared with
rejecting mice (Fig. 8E). The evaluation of graft IL-10 mRNA
expression did not reveal any difference between long-term graft
survival and rejecting mice (mice with long-term graft survival,
0.74 ( 0.31 arbitrary units (AU), n % 4; rejecting, 1.10 ( 0.23
AU, n % 4, p % NS).

No IFN-#, IL-10, and Foxp3 mRNA expression was found in
cardiac tissues from naive B6C3 mice.

Altogether these results indicate that tolerance induced by pre-
transplant donor MSC infusion is associated with the accumulation

of CD4!CD25!Foxp3! Treg in lymphoid organs and in the graft
and a reduction of anti-donor Th1 effector cells.

Recipient-derived MSC prolong the survival of semiallogeneic
cardiac allografts and induce the formation of Treg

On the basis of in vitro data that MSC were capable of suppressing
the proliferation of autologous T cells against alloantigens (Fig.
1C), we next evaluated whether infusion of recipient-derived MSC
prolonged the survival of a semiallogeneic heart transplant. B6
mice were given 0.5 " 106 B6 MSC into the portal vein 7 days and
a second dose into the tail vein 1 day before heart transplant from
B6C3 mice (Table IV). The infusion of recipient-derived MSC
induced tolerance to B6C3 cardiac allografts in 50% of mice (Ta-
ble IV). These results are very comparable to those obtained with
donor-derived MSC infusion (Table I).

Percentage of CD4  Foxp3  on CD4  by immunofluorescence staining
naive rejecting MSC-tolerized

days post transplant
CD4  (cell/field)+

% CD4  Foxp3+ + a 30.1 ± 8.8 a 35.2 ± 7.0 a

B C

D

Cardiac grafts from naïve (n=3), rejecting (n=3) and MSC-tolerized mice (with a beating heart allograft) taken 
at 7 (n=3) , 21 (n=3) or >100 days (n=4) after transplant were analyzed. aP<0.05 vs naïve and rejecting.
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FIGURE 8. Treg accumulation and reduced IFN-# mRNA expression in the graft of MSC-tolerized mice. A, mRNA was extracted from cardiac allograft
tissues from untreated B6 recipient mice (n % 3, u) or from B6 mice tolerized ($100 days) by donor-derived B6C3 MSC (n % 3, !) or by recipient-derived
B6 MSC (n % 3, p). mRNA was also extracted from native cardiac tissue of B6C3 mice (negative control). Foxp3 expression was evaluated by real-time
PCR and expressed as AU. E, p ) 0.05 vs rejecting. B and C, Representative images of intragraft immunostaining of CD4! cells (green) and CD4!Foxp3!

cells (yellow/red) in cardiac grafts from untreated rejecting mice (B) or from donor MSC-tolerized mice $100 days posttransplant (C). Original magni-
fication, "400. D, Total CD4! graft-infiltrating lymphocyte counts (cells per /high-power field) and percentages of CD4!Foxp3! on total infiltrating
CD4! cells from naive (n % 3), rejecting (n % 3) or donor MSC-tolerized mice (double portal/tail vein infusion) with a beating heart allograft taken
at 7 (n % 3), 21 (n % 3), or $100 days (n % 4) after transplant. ap ) 0.05 vs naive and rejecting. E, mRNA was extracted from cardiac allograft
tissues of recipient B6 mice tolerized by donor MSC ($100 days posttransplant, n % 3; !) or from untreated rejecting mice (n % 4; u). mRNA
was also extracted from native cardiac tissue of B6C3 mice (negative control). IFN-# expression was evaluated by real-time PCR and expressed as
AU. °p ) 0.05 vs rejecting.
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To investigate whether HSC of recipient origin hamper the
tolerogenic potential of MSC, an additional group of B6 mice re-
ceived 0.5 " 106 B6 MSC along with 0.25 " 106 B6 Lin#c-Kit!

HSC (Table IV) 7 days (portal vein) and 1 day (tail vein) before a
B6C3 heart transplantation. Two of four mice showed prolonged
cardiac graft survival ($40 days; Table IV), a percentage that was
the same obtained with the sole injection of recipient-derived
MSC, indicating that recipient-derived HSC did not antagonize the
tolerogenic potential of MSC infusion, at variance with
donor-derived HSC.

To verify whether in this setting tolerance was associated with
the emergence of Treg, adoptive transfer experiments with spleno-
cytes from B6 mice made tolerant to B6C3 heart by B6 MSC
infusion were performed. Forty million splenocytes from tolerized
animals had no effect on heart allograft survival (survival: 15 and
18 days; median survival time (MST), 16.5 days, n % 2). However,
infectious tolerance was obtained by increasing the amount of in-
fused splenocytes to 70 " 106 (survival: 46, 91, and $115 days;
MST, 91 days, n % 3). In contrast, the same amount of splenocytes
did not prolong the survival of BALB/c hearts to any extent (sur-
vival: 8, 9, and 9 days; MST, 9 days, n % 3). FACS analysis of
spleen cells from mice with long-term graft survival revealed a
higher percentage of CD4!CD25!Foxp3! Treg than splenocytes
from naive animals (Fig. 7A; p ) 0.05 vs naive). Moreover, RT-
PCR analysis of heart allografts tolerized by recipient-derived
MSC showed a well-detectable Foxp3 expression (Fig. 8A). How-
ever, both the percentage of Treg in the spleen and the level of
Foxp3 expression in heart grafts from these animals were lower
than those observed in B6 mice made tolerant to B6C3 cardiac
allografts by donor-derived MSC infusion (Figs. 7A and 8A).
These results indicate that recipient-derived MSC infusion induced
the formation of Treg, although to a lesser extent than
donor-derived MSC.

Pretransplant infusion of recipient MSC is more effective than
peritransplant infusion to prolong allograft survival

With the perspective of clinical application of the tolerogenic pro-
cedure, experiments were also performed changing the MSC in-
fusion protocol. We first tested the efficacy of a double tail vein
dose of 0.5 " 106 recipient-derived MSC given to B6 mice 7 and
1 days before a B6C3 heart transplant. The latter protocol had
similar tolerogenic potential as the double intraportal/tail vein in-
fusion (Table IV). To shorten the timing between MSC infusion
and transplantation, 0.5 " 106 B6 MSC were infused in B6 mice,
either into the portal vein during surgery (peritransplant) or into
the tail vein 1 day after transplantation of B6C3 heart grafts. As
shown in Table IV, peritransplant infusion of recipient-derived
MSC via the portal vein induced indefinite allograft survival in two
of six mice, whereas tail vein infusion of B6 MSC 1 day after
transplantation failed to prolong heart allograft survival to any ex-
tent (Table IV). Thus, peritransplant infusion of recipient-derived

MSC via the portal vein had a lower tolerogenic effect than pre-
transplant infusion, while a single tail vein MSC infusion 1 day
after transplantation was ineffective.

Recipient-derived MSC do not prolong fully allogeneic cardiac
allograft survival

We then investigated whether infusion of recipient-derived MSC
was able to tolerize a fully MHC-mismatched cardiac allograft. To
this purpose, a group of B6 mice (n % 4) was given a double
infusion of 0.5 " 106 recipient-derived B6 MSC (day #7 in the
portal vein and #1 in the tail vein) before receiving a BALB/c
allograft. MSC failed to prolong the survival of fully MHC-mis-
matched cardiac allografts (survival times: MSC-treated mice: 7,
7, 9, and 12 days; MST, 8 days; naive B6 mice: 8, 9, and 10 days;
MST, 9 days).

Discussion
In the present study, we confirmed that MSC have immunosup-
pressive properties in vitro and in vivo and found that infusion of
donor MSC is effective in prolonging the survival of semialloge-
neic heart transplants in unconditioned recipient mice. This tolero-
genic effect was not shared by total BM cells. Coinfusion of HSC
abrogated the tolerogenic effect of MSC. More importantly, we
found that MSC from the recipient strain are capable of prolonging
a donor cardiac allograft survival as well. The tolerogenic potential
of both donor-derived and recipient-derived MSC was associated
with the expansion of CD4!CD25!Foxp3! Treg.

The in vitro immunosuppressive effect of murine MSC was dose
dependent and not donor specific. Indeed, MSC inhibited the pro-
liferative response of both autologous and allogeneic CD4!T cells
to either donor or third-party alloantigens in MLR, which is con-
sistent with most published studies in human, baboon, and rodent
MSC (13, 14, 18, 21–26).

The role of either soluble factors or cell contact-dependent
mechanisms in suppression of T cell response by MSC is still an
unsolved issue. Immunosuppression by human MSC has been re-
ported to be mediated by soluble factors such as hepatocyte growth
factor (13) TGF-$1 (13), PGE2 (42), IDO-mediated tryptophan
deletion (43), and NO (44). In contrast, T cell inhibition by murine
MSC was either dependent on soluble factors (23, 24, 43) or re-
quired cell contact (14, 23–25, 43). In this study, we found that, in
vitro, the conditioned medium of murine MSC-T cell cultures only
partially affected T cell alloreactivity, which would suggest a role
of cell contact in MSC-mediated T cell suppression. Discrepancies
in different studies may be explained by the different experimental
conditions used, such as the ratio between MSC and responder
cells. Indeed, evidence is available that MSC-derived soluble fac-
tors played a role at high MSC:responders ratio (1:1) (23), whereas
at lower ratios, as the one used in the present study (1:10), cell
contact was required to inhibit immune cell response (25). In ad-
dition, most studies used total splenocytes as responders, which

Table IV. Effect of recipient-derived B6 MSC infusion on B6C3 cardiac allograft survival in B6 micea

Site and Timing Injected Cells Graft Survival (Days) MST

Portal vein, day #7; tail vein, day #1 MSC 10, 10, 12, 25, $100 " 4 $62.5b

Portal vein, day #7; tail vein, day #1 MSC!HSCc 7, 15, $40 " 2 $27.5b

Tail vein, day #7; tail vein, day #1 MSC 10, 19, $100 " 2 $59.5b

Tail vein, day !1 MSC 9, 9, 12 9
Portal vein, day 0 MSC 8, 14, 17, 28, $100 " 2 22.5b

Untreated 9, 9, 9, 10, 12, 12, 13 10
a Recipient B6 mice received 0.5 " 106 B6 MSC and were transplanted with a B6C3 heart.
b p ) 0.05 vs untreated.
c B6 Lin#c-Kit! HSC (0.25 " 106) were injected with MSC.
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include disparate subsets of cells that may be potential MSC tar-
gets. In this regard, B lymphocytes were sensitive to the inhibitory
action of MSC-released soluble factors, whereas the inhibition of
T cell proliferation by MSC was cell contact dependent (24). The
latter finding is consistent with a cell contact-dependent mecha-
nism as suggested by our coculture experiments in which purified
CD4!T cells were used as targets.

Several studies in animal models and in humans have demon-
strated that MSC are capable of long-term engraftment after i.v.
injection, although only a small fraction of the infused cells un-
derwent vascular emigration and tissue distribution in bone mar-
row, lungs, heart, kidneys, and lymphoid organs (29, 30, 45–48).
By in vivo infusion experiments, we found that MSC tissue dis-
tribution was influenced by the site of injection but not by the
donor-recipient match. After infusion, both allogeneic and synge-
neic MSC rapidly but transiently localized in secondary lymphoid
organs with a higher number of cells observed after tail vein than
after portal vein injection. MSC were well detected in the recipient
liver after portal vein injection, whereas after tail vein infusion
MSC could be detected transiently in the liver and in lower num-
bers than when given via portal vein.

The different in vivo distribution of MSC following portal vein
vs tail vein infusion influenced the MSC tolerogenic properties.
Indeed, a single intraportal infusion of MSC caused reduction of T
cell alloreactivity and prolonged the survival of semiallogeneic
cardiac transplants, indicating that MSC when given via portal
vein are capable to modulate immune cell response in vivo. By
contrast, a single donor-derived MSC infusion into the tail vein
was not enough to prolong allograft survival.

Altogether, these results are in line with previous studies indi-
cating that the liver is an immune privileged organ for tolerance
induction by donor cell infusion. Intraportal but not systemic i.v.
infusions of donor splenocytes or bone marrow cells could extend
the survival time of skin, islet, cardiac, and kidney transplants (37,
49–51). All of these models are consistent with the idea that the
contact between donor-derived cells and the host immune system
in the liver results in immune inactivation. The nature of this in-
teraction is not clear, although it was hypothesized that either si-
nusoidal endothelial cells (52) or the liver’s large population of
sinusoidal macrophages, the Kupffer cells, may have a role (53).

Several studies in rodents (3, 6, 7) have documented the possi-
bility to achieve allogeneic chimerism and tolerance to solid organ
allotransplantation by infusion of either BM cells or HSC, al-
though different manipulations of the host immune system were
required to achieve BM engraftment and tolerance (6, 7). In this
study, we found that injection of total donor BM cells was not
associated with any prolongation of allograft survival in an uncon-
ditioned host, whereas MSC were effective in this setting, which
would support a more potent protolerogenic potential of MSC than
total BM cells. More importantly, the protolerogenic effect of MSC
was impaired when MSC were injected along with donor-derived
but not recipient-derived HSC, suggesting that allogeneic HSC
may have a negative impact on MSC immunomodulatory proper-
ties. The presence of allogeneic HSC in donor-derived MSC prep-
aration could alter the delicate equilibrium of MSC and recipient T
cell interaction by generating an allogeneic immune reaction.

Different mechanisms have been proposed to mediate the im-
munosuppressive properties of MSC, which include veto functions
on effector T cells (14) and blunting effects on the maturation of
professional APC (42, 54, 55). MSC can also elicit T cell anergy,
reversible by adding exogenous IL-2 (30). In an experimental
model of myelin oligodendrocyte glycoprotein-induced experi-
mental autoimmune encephalomyelitis in mice, MSC infusion
caused T cell hyporesponsiveness to MOG-peptide, which was re-

stored by IL-2 (30). In contrast, MSC inhibition of mouse T cell
response against the male HY minor histocompatibility Ag was not
overcome by IL-2 added to the cell culture (26). In line with the
latter study, we found that the hyporesponsiveness of T cells from
MSC-infused animals was not reverted by high-dose IL-2, exclud-
ing that recipient T cells were anergized by MSC infusion. Con-
sistently, administration of IL-2 in donor-derived MSC-infused an-
imals made tolerant to a semiallogeneic heart graft did not revert
tolerance (data not shown).

There is increasing evidence that T cells with regulatory func-
tion play a central role in the control of both reactivity to self-Ags
and alloimmune response (56). Namely, CD4!CD25!Foxp3!

Treg contribute to prevent allograft rejection in many animal mod-
els of tolerance induced by either donor cell infusion or costimu-
latory blockade (57–59).

The role of Treg in MSC-induced immunomodulation is con-
troversial. Data exist that human MSC-mediated immune inhibi-
tion is not reversed by removing Treg from cocultured MLR (25).
Others have reported that the CD4!CD25! Treg population in-
creased significantly in MLR when MSC were present (20, 42, 60,
61). In this study, we demonstrated that the induction and main-
tenance phases of tolerance after donor-derived MSC infusion in
mice are associated with the emergence of functional Treg (Fig. 9),
since splenocytes harvested either 7 days after MSC injection or at
$100 days after transplantation from mice with long-term graft
survival were capable of transferring tolerance to secondary naive
recipients. Increased numbers of CD4!CD25!Foxp3! cells in
lymphoid organs and in the graft of animals with long-term graft
survival along with the ability of CD4!CD25! cells to transfer
tolerance to naive secondary hosts indicate that expansion of this
specific cell subset played a role in MSC-induced tolerance. We
hypothesize that, despite the rather low degree of MSC engraft-
ment into lymphoid organs and in the liver, these cells are capable
of initiating an active tolerogenic process that self-sustains by in-
teracting with the resident T cell population and favoring the gen-
eration of CD4!CD25! Treg. Regulation, once established, be-
comes the dominant mechanism that limits Th1 cell priming and
prevents the rejection of subsequent semiallogeneic and fully al-
logeneic donor-specific allografts. MSC-induced tolerogenic
mechanisms in vivo were donor specific, since mice adoptively
transferred with splenocytes taken from donor-derived MSC-toler-
ized animals acutely rejected a third-party heart. In line with this
interpretation are published data showing that Treg, isolated from
ABM mice that spontaneously accepted bm12 heart allografts,
suppressed rejection of alloantigen-specific bm12 but not of third-
party skin allografts when coinfused with effector T cells into nude
mice (62).

Of note, heart allografts taken at $100 days from MSC-infused
mice showed signs of chronic allograft vasculopathy. Why MSC-
treated mice were not protected from chronic allograft rejection
despite an enhanced number of Treg in lymphoid organs and in
the graft remains matter of speculation. One possibility is that
the number of Treg did not reach the threshold level to properly
suppress the complex pathways of effector T cells. Another pos-
sibility could be that MSC-induced Treg were specific for di-
rectly presented donor Ags but did not suppress the indirect
pathway, which appears to play a main role in chronic rejection.
In this regard, in a recent report in irradiated mice receiving
donor bone marrow, infusion of Treg specific for directly pre-
sented donor Ags prevented acute but not chronic rejection of
skin and heart allografts, whereas regulatory T cells specific for
both directly and indirectly presented alloantigens prevented
both acute and chronic rejection (63).
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Another major finding of this study is that pretransplant infusion
of B6 MSC of recipient origin was as effective in inducing long-
term acceptance of semiallogeneic B6C3 cardiac allografts as do-
nor-derived MSC (Fig. 9). Of note, recipient-derived MSC did not
prolong the survival of a fully MHC-mismatched BALB/c heart
(Fig. 9). We hypothesize that in the semiallogeneic setting, B6
MHC molecules on MSC interacted with B6-restricted TCR of
recipient T cells and caused expansion of naturally occurring Treg
(Fig. 9). These cells recognized B6 Ags in the graft and prevented
a host T cell response against C3 Ags as well, through linked
suppression, but did not recognize fully mismatched BALB/c al-
loantigens. This interpretation is supported by findings of in-
creased numbers of Treg in lymphoid organs and in the grafts of
tolerant animals.

Of relevance, we found that a double pretransplant infusion of
recipient MSC via tail vein had a similar tolerogenic effect as the
combined intraportal/tail vein infusions, which would make this
tolerogenic protocol less risky in a clinical setting. This result is at
variance with lack of tolerogenic effect we observed with single
tail vein infusion of donor-derived MSC. Whether the discrepancy
depends on the double vs single tail vein infusions or whether
allogeneic but not syngeneic MSC that engraft primarily in lym-
phoid organs following tail vein infusion could elicit an immune
response remains to be established.

In contrast, a single recipient-derived MSC infusion given peri-
transplant was marginally effective, and a single MSC dose given
1 day after transplantation was not effective at all. These results
indicate that MSC should have already activated protolerogenic
mechanisms at the time the recipient immune system comes in
contact with graft alloantigens to induce graft acceptance. Relevant
to this interpretation are data that MHCII expression on MSC re-
quires stimulation by low IFN-# levels, whereas in the presence of
high IFN-# levels MSC lose their expression of MHCII (64). This

may suggest that during an ongoing immune response, in the pres-
ence of high levels of IFN-# released by effector T cells, MSC lose
their ability to interact with CD4!T cells and to induce Treg dif-
ferentiation. This possibility is supported by published studies (20,
65) showing that administration of anti-MHCII-blocking Abs
prevented MSC-mediated T cell inhibition in vitro (20) and toler-
ance induction in vivo (65). However, the possibility that treating
the recipient with multiple MSC infusion posttransplant could
have tolerogenic potential cannot be excluded on the basis of the
present data.

In summary, we documented that MSC may act as a biological
immunosuppressive agent in vivo through the induction of donor-
specific CD4!CD25!Foxp3! Treg. Recipient-derived MSC are
equally effective as donor-derived MSC in prolonging allograft
survival, which makes this strategy clinically applicable to cadav-
eric organ transplantation. However, the requirement of a partial
MHC match between the donor and the recipient and of pretrans-
plant infusion for MSC tolerogenic effects should be taken into
account in designing clinical studies in the setting of solid organ
allotransplantation.
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Summary
Background and objectives Mesenchymal stromal cells (MSCs) abrogate alloimmune response in vitro, sug-
gesting a novel cell-based approach in transplantation. Moving this concept toward clinical application in
organ transplantation should be critically assessed.

Design, setting, participants & measurements A safety and clinical feasibility study (ClinicalTrials.gov,
NCT00752479) of autologous MSC infusion was conducted in two recipients of kidneys from living-related
donors. Patients were given T cell–depleting induction therapy and maintenance immunosuppression with
cyclosporine and mycophenolate mofetil. On day 7 posttransplant, MSCs were administered intravenously.
Clinical and immunomonitoring of MSC-treated patients was performed up to day 360 postsurgery.

Results Serum creatinine levels increased 7 to 14 days after cell infusion in both MSC-treated patients. A
graft biopsy in patient 2 excluded acute graft rejection, but showed a focal inflammatory infiltrate, mostly
granulocytes. In patient 1 protocol biopsy at 1-year posttransplant showed a normal graft. Both MSC-
treated patients are in good health with stable graft function. A progressive increase of the percentage of
CD4!CD25highFoxP3!CD127" Treg and a marked inhibition of memory CD45RO!RA"CD8! T cell expan-
sion were observed posttransplant. Patient T cells showed a profound reduction of CD8! T cell activity.

Conclusions Findings from this study in the two patients show that MSC infusion in kidney transplant re-
cipients is feasible, allows enlargement of Treg in the peripheral blood, and controls memory CD8! T cell
function. Future clinical trials with MSCs to look with the greatest care for unwanted side effects is
advised.

Clin J Am Soc Nephrol 6: 412–422, 2011. doi: 10.2215/CJN.04950610

Introduction
Transplant patients rely on life-long immunosuppres-
sive drugs to prevent T cell activation and graft loss,
but are exposed to drug-related complications (1).
Induction of immune tolerance would overcome
these shortcomings, possibly allowing indefinite graft
survival (2). Attempts to translate successful strate-
gies to induce tolerance in animal models to humans
have been disappointing (3–5) and only anecdotal
examples are available (6). Regulation of specific ef-
fector T cell function might be a suitable strategy to
control alloimmune response (7). In this regard, in-
duction protocols including T cell–depleting agents
have been used with the aim of resetting the immune
system to promote a tolerance-permissive environ-
ment (4,5). The rational for this approach rests on
the evidence that transient lymphopenia following
T cell– depleting therapy would result in homeo-
static expansion of a unique population of regula-
tory T cells (Treg) with potent in vitro and in vivo
immunoregulatory effects (8). Nevertheless, in hu-

man kidney transplantation T cell– depleting induc-
tion therapy with monoclonal anti-CD52 antibody
alemtuzumab or polyclonal rabbit antithymocyte
globulin (RATG) did not appreciably protect renal
transplant recipients from chronic allograft injury
and dysfunction (9), despite enhancing circulating
Treg count and preserving their suppressive activ-
ity (10,11). Recent advances in experimental trans-
plantation have also demonstrated that memory T
cells ultimately compromise the development of
transplant tolerance, with the presence of donor-
specific memory T cells often being associated with
poor allograft outcome (12).

Bone marrow– derived mesenchymal stromal
cells (MSCs)— unique for their immunologic char-
acteristics, such as low immunogenicity and immu-
noregulatory properties (13)—in vitro increase the
percentage of Treg at coculture with T lymphocytes
(14) and inhibit the proliferative response of anti-
gen-specific memory T cells (15,16), suggesting a
novel cell-based approach for immunotherapy which
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also targets Treg and memory T cells. By infusing either
autologous or donor-derived MSCs in unconditioned
mice, we were able to induce tolerance to a semialloge-
neic heart transplantation (17).

For clinical studies with MSCs in organ transplan-
tation, however, unwanted side effects of cell infusion
must be assessed with the greatest care before plan-
ning large efficacy trials for tolerance induction. This
particularly for the concern of possible MSC maldif-
ferentiation in vivo and their potential for facilitating
the growth of pre-existing but occult tumors (18,19).
Although these side effects have been so far observed
only in very few experimental animal models (20–22),
the question of risk and benefit must be well assessed
in pilot clinical studies, especially when MSCs meet
additional immunosuppressive drugs. Also the ques-
tion of whether patients should be treated with autol-
ogous, donor-derived, or third-party MSCs remains
to be addressed. Applying recipient-unrelated MSCs
in organ transplantation at this point in time may
raise objections because they may cause recipient sen-
sitization. To prevent activation of immune cells and
sensitization of transplant recipients, the introduction
of foreign antigen should be avoided and first pilot
studies should thus begin with autologous MSCs,
making safety the first objective. Moreover, experi-
mental evidence indicates that autologous MSCs are
equally capable of inhibiting the antidonor immune
response as donor-derived MSCs (17).

Here we have extended our experimental work to
define the safety and clinical feasibility of the au-
tologous MSC approach in two human recipients of
kidneys from living-related donors (ClinicalTrials.
gov Identifier: NCT00752479).

Materials and Methods
Patients

A 22-year-old man (patient 1) on hemodialysis due
to ESRD of unknown etiology received a renal trans-
plant from his mother, mismatched for two HLA
haplotypes (one mismatch on HLA-A and one on
HLA-B whereas HLA-DR alleles were coincidental)
(Figure 1A).

A second 34-year-old man (patient 2) on ESRD
secondary to IgA nephropathy received a pre-emp-
tive renal transplant from his father, mismatched for
two HLA haplotypes (one mismatch on HLA-A and
one on HLA-B while HLA-DR alleles were coinciden-
tal) (Figure 1A). Four months before transplantation
both of them underwent sterna bone marrow aspira-
tion under local anesthesia. MSCs were isolated and
ex vivo expanded according to Good-Manufacturing-
Practice procedures (Cell-Therapy Laboratory “G.
Lanzani”, Ospedali Riuniti di Bergamo, authorization
no. aM-189/2008 Agenzia Italiana del Farmaco,
AIFA) (23,24). On day 7 after kidney transplant, au-
tologous MSCs were administered intravenously
(1.7 # 106 cells and 2.0 # 106 cells per kg body weight,
respectively) after premedication with chlorphena-
mine and acetaminophen. Three patients receiving a
living-related kidney who were transplanted previ-

ously to patients 1 and 2 were taken as the control
group. They were given the same induction therapy,
but not MSCs (Figure 1A). In all transplant recipients
immunophenotyping of peripheral blood T cell pop-
ulations and also monitoring of T lymphocyte func-
tion were performed before and up to day 360 post-
surgery.

Written informed consent was obtained from all
recipients and living donors. All treatment protocols
were approved by the Istituto Superiore di Sanità
(ISS, Rome, Italy, authorization no. 45253(06)-PRE.21-
882) and by the Institutional Review Board of the
Ospedali Riuniti Bergamo (authorization no. 352,
March 18, 2008).

All patients received induction regimen with basi-
liximab (20 mg intravenous pretransplant and on day
4 posttransplant) and low-dose rabbit antithymocyte
globulin (RATG) infusion (thymoglobulin, 0.5 mg/
kg, daily from day 0 to day 6 posttransplant) as per
center practice (25). Maintenance immunosuppres-
sion was with cyclosporine A (CsA, target trough
blood levels of 300 to 400 ng/ml up to day 7 postsur-
gery, and 100 to 150 ng/ml at month 5 posttransplan-
tation), mycophenolate mofetil (plasma trough myco-
phenolic acid [MPA] levels of 0.5 to 1.5 !g/ml) (26),
and steroids. Five hundred milligrams of methylpred-
nisolone were administered before the first RATG
infusion to minimize the possible cytokine release
reaction related to the antibodies, and continued for 2
more days posttransplant (250 and 125 mg, respec-
tively). Subsequently, oral prednisone (75 mg) was
administered, which was progressively tapered and
discontinued after day 7 postsurgery.

MSC Isolation and Expansion
MSCs were processed and cultured as previously

reported (23,24). In brief, bone marrow aspirates were
collected and nucleated cells were plated at 500,000
cells per cm2 in minimum essential medium-" in the
presence of 5% human platelet lysate. The use of
human platelet lysate avoids the need of fetal calf
serum, which is a source of xenogenic antigens that
may induce an adverse immune response. Nonadher-
ent cells were removed after 2 to 3 days and a 50%
medium change was performed twice weekly until
80% confluence. Then cells were recovered and sub-
sequently replated at 200 cells per cm2 and cultured
for an additional 12 days. The cells were classified as
MSCs based on their ability to differentiate into bone,
fat, and cartilage and by flow cytometric analysis
(positive for CD44, CD29, CD73, HLA-ABC, CD90,
and CD105, but negative for CD14, CD34, CD45, and
HLA-DR) responding to defined criteria for MSCs
recently stated by the International Society of Cell
Therapy (ISCT) (27). The final product was character-
ized with respect to viability, purity, and therapeutic
potential. Because a major concern with MSCs is the
potential for malignant transformation, the MSC
preparation underwent cytogenetic analysis, which
showed a normal karyotype. Safety has been judged
on the basis of negativity for all of the tested contam-
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inants and lack of genetic lesions at cytogenetic anal-
ysis. Criteria for MSC batch release were the follow-
ing: expression of CD105, CD73, and CD90 $70%,
expression of CD34, CD45, and CD14 %10%; negative
for mycoplasma, Gram-positive, and Gram-negative
bacteria and fungi; endotoxin below 5 EU/kg; viabil-
ity $80%. MSCs were frozen in liquid nitrogen until
the day of the infusion into the kidney transplant
recipient (see Supplemental Text).

Phenotypic and Functional Immunological Assays
To establish the ideal timing for MSC infusion, we

first assessed in vitro whether RATG binds to MSC
and affects their inhibitory properties on peripheral
blood mononuclear cell (PBMC) proliferation. Immu-
nophenotyping of peripheral blood T cell subpopula-
tions was monitored by FACS analysis (10). Alloim-
mune response against donor and third-party
antigens were assessed by ELISPOT for IFN-# (10)

Age
Gender (M/F)
HLA mismatches 
median (range)
Cross-match 
Anti-donor Abs

Patients’ characteristics

Patient 1 Sim/RATG patients1

22
Male

2
negative
negative

1.Data are mean ± SD, n=3

30 ± 18
1/2

1 (0-3)
negative
negative

Patient 2
34

Male

2
negative
negative

A

5
7
9

1

2

3

day post-Tx

8.3

Se
ru

m
cr

ea
tin

in
e

(m
g/

dl
)

5.3

2.7

1.7
1.5 1.5

1.4

1.7

1.6

1.8 1.9

1.8

2.0
2.3

2.1
1.9

1.6

BiopsyMSC infusion

start MP pulses

4
6
8

10
12

1

2

3

0   1   2   3   4   5   6  7     9  10  11   13 14           20  21 22      27   28            180       360

10.6

7.2

3.5

2.3
2.0

1.8 1.7 1.9

1.8

1.7
1.8

1.9
2.3

2.3
2.5

1.92.0

MSC infusion

start MP pulses
no biopsy (BT>12 min)

Se
ru

m
cr

ea
tin

in
e

(m
g/

dl
)

day post-Tx

Patient #1

Patient #2C

B

0   1   2   3   4   5   6  7     9  10  11   13  14 15 16  17   18  19 20 21     27           180      360

1.8 1.9

2.4

Se
ru

m
cr

ea
tin

in
e

(m
g/

dl
)

Sim/RATG patientsD

day post-Tx
0   1   2   3   4   5   6  7     9  10  11   13  14 15  16 17   18 19  20 21        180       360

* * * * *

5
7
9

1

2

3

Figure 1. | Characteristics and posttransplant course of serum creatinine in patients given MSCs and in control patients:
Patients’ characteristics (A) and profile of serum creatinine levels before and after MSC infusion in patient 1 (B) and patient 2
(C) and profile of serum creatinine in Sim/RATG patients (D) during the first year after kidney transplantation are shown.
Sim/RATG patients are control living donor-kidney transplant recipients given the same induction therapy but not MSCs. Data are
means & SEM; *P % 0.05 versus time 0.

414 Clinical Journal of the American Society of Nephrology

jpiffari
39



and for Granzyme-B and by cell-mediated lympholy-
sis. Anti-HLA class I and II antibodies were sequen-
tially monitored by means of flow-panel reactive an-
tibody assay.

Histology and Immunohistochemistry
Paraffin-embedded sections of kidney tissue

stained with Massons trichrome, hematoxylin and
eosin, and periodic acid–Schiff were evaluated by
an independent pathologist. Graft infiltrating cells,
MSC localization, and complement deposition were
assessed by immunofluorescence or immunoperox-
idase technique (see Supplemental Text).

Statistical Analyses
Variations in serum creatinine concentration, pe-

ripheral blood CD4! and CD8! T cell counts, per-
centages of T cell subpopulation, immunologic as-
say data from control living donor-kidney
transplant recipients given the same induction ther-
apy but not MSCs (Sim/RATG patients) were as-
sessed by ANOVA for repeated measures. The sta-
tistical significance level was defined as P % 0.05.

Results
In Vitro Pretransplant Studies

In culture medium RATG bound in a dose-depen-
dent manner to human MSCs, with 85% & 13% and
10% & 8% binding at the antibody concentrations of 5
and 0.5 !g per 106 cells, respectively (Figure 2A).
These concentrations are expected to be achieved in
vivo in kidney recipients given 0.5 mg/kg RATG at
day 0 (after the first RATG dose) and day 7 (24 hours
after the last RATG dose) posttransplant, respectively.
Conversely, $95% of PBMCs bound RATG indepen-
dently of the antibody concentration in the medium
(Figure 2B). To confirm these findings, we exposed
MSCs to serum from RATG-treated kidney transplant
patients taken 7 and 14 days postsurgery. We found a
very low percentage of RATG bound to MSCs com-
pared with $70% of RATG bound to PBMCs (Figure
2, C and D). After exposure to patients’ serum, MSC
viability ranged from 88% to 100% (by trypan blue
dye exclusion). Moreover, the minimal RATG binding
to MSCs after exposure to patients’ serum drawn at
day 7 posttransplant did not impair their ability to
inhibit MLR T cell proliferation (Figure 2E). Incuba-
tion of MSCs with methylprednisolone (MP), CsA, or
MPA did not significantly affect their capability to
inhibit T cell proliferation in response to anti-CD3/
CD28 mAbs (Figure 2F). Of note, MPA at the highest
concentration synergized with MSCs in further inhib-
iting T cell proliferation.

On the basis of these in vitro findings, MSC infu-
sion was set at day 7 after kidney transplantation to
minimize any possible depleting effect of RATG on
MSCs in vivo.

Clinical Course
In patient 1 renal function rapidly improved

posttransplantation (Figure 1B). On the morning of

the autologous MSC infusion, serum creatinine was
1.7 mg/dl, which fluctuated in the following days
between 1.7 and 1.9 mg/dl. From day 14 onward, a
mild progressive increase in serum creatinine was
observed (Figure 1B). Renal ultrasound showed a
slightly increased resistivity index (0.79); blood
CsA trough levels were in the therapeutic range. No
anti-HLA alloantibodies were detected. Graft bi-
opsy was not performed because of a substantially
prolonged bleeding time, and MP pulses were
started for the clinical suspect of graft rejection
(Figure 1B). Corticosteroid was then tapered and
continued at the maintenance dose (8 mg/d). Renal
function slowly recovered. At day 180 posttrans-
plantation allograft function remained stable (se-
rum creatinine 1.8 mg/dl). A protocol biopsy at 1
year posttransplantation showed no signs of acute
rejection nor chronic allograft injury. Serum creati-
nine was 1.93 mg/dl and measured GFR (28) was
48.41 ml/min per 1.73 m2. CsA and MPA trough
levels were within the anticipated ranges. Thereaf-
ter, the corticosteroid was gradually tapered and
treatment discontinued. The patient is in good
health with stable graft function.

In patient 2 the early postoperative course was
characterized by rapid improvement of renal func-
tion (Figure 1C). Before autologous MSC infusion
serum creatinine was 1.49 mg/ml and then graft
function progressively deteriorated. On day 15
posttransplant a kidney biopsy was performed,
which showed a slight aspecific inflammatory infil-
trate not consistent with acute graft rejection. Be-
cause serum creatinine further increased up to 2.34
mg/dl, intravenous pulses of MP were started. Af-
ter being tapered, corticosteroid was maintained at
the dose of 8 mg/d. Renal function transiently im-
proved, thereafter stabilizing at serum creatinine
levels of 2.0 to 2.3 mg/dl. A routine abdomen ul-
trasonography 2 months posttransplantation dis-
closed two solid nodular images in the right native
kidney of 1 and 2 cm, respectively (of note, small
cortical cysts bilaterally on native kidneys were
reported pretransplant; see Supplemental Figure 1)
subsequently confirmed by angio-computed to-
mography (CT) scan evaluation. On the basis of the
anticipated neoplastic nature of the nodular hyper-
dense lesions at CT scan, the patient underwent
bilateral nephrectomy of native kidneys. Histologic
examination showed dual renal hemangiomas in
the right native kidney. Hemangioma was histolog-
ically defined by the positivity for Factor VIII,
CD34, and CD31 expression and negativity for
CD10, CK CAM 5.2, and CK 7 expression. Prolifer-
ative index by Ki67 staining was 10% to 15%. The
surgery and the postoperative period were un-
eventful without worsening of kidney graft func-
tion. At 6 months posttransplantation the patient
was in good health with stable graft function (se-
rum creatinine 2.3 mg/dl, GFR 38.9 ml/min per
1.73 m2). In control recipients of a living-related
kidney (n ' 3) given the same induction therapy
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but not MSCs, serum creatinine levels at 180 and
360 days were 1.5 & 0.3 and 1.6 & 0.2 mg/dl,
respectively (Figure 1D). No acute rejection epi-
sodes occurred in these control patients during the
1-year follow-up.

Histology and Immunohistochemistry
The protocol biopsy from patient 1 showed findings

within normal limits, except for mild neutrophil infil-
trate (Figure 3A). MSCs in the graft were negligible
(Figure 3D).

Early biopsy of patient 2 showed focal inflamma-
tory cell infiltrate. Intragraft CD4!, CD8! T cells,

CD14! monocytes, CD20! B cells, and CD68! mac-
rophages were very low as compared with those in
control kidney graft biopsies from patients given
the same immunosuppression who experienced
acute cellular rejection (Figure 3A). There were a
high number of granulocytes in the peritubular in-
flammatory infiltrate of patient 2 (Figure 3, A
through C). Granulocytes were negligible in the
control graft biopsies with acute cellular rejection.
Intragraft staining for C3 (mainly peritubular and
interstitial localization) was higher in patient 2 than
in grafts with early acute cellular rejection (Figure
3, A through C). MSCs were found in the graft
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Figure 2. | In vitro pretransplant studies: 200,000 MSCs (A) or 200,000 PBMCs (B) were incubated for 30 minutes at 37°C with
graded doses of RATG, washed, and then incubated with FITC-labeled goat anti-rabbit IgG secondary antibody. Percentages of
RATG-positive cells were determined by FACS analysis after subtraction of nonspecific binding of secondary antibody to cells in
the absence of RATG. Data are means & SD; #P % 0.05 versus 5 and 10 !g of RATG per 106 cells (by ANOVA, n ' 4 independent
experiments). MSCs (C) or PBMCs (D) were also incubated with serum from patients given Sim/RATG taken pretransplant (n '
3), 7 days posttransplant (n ' 3), and 14 days posttransplant (n ' 3). Cells were then labeled with secondary antibody and
analyzed as above. Data are means & SD; #P % 0.05 versus basal. In (E), MLRs were conducted in the absence or in the presence
of either untreated MSCs or MSCs pre-exposed to patients’ serum taken at basal (n ' 3) or 7 days posttransplant (n ' 3). Data
are means & SD; §P % 0.05 versus "/" (by ANOVA, n ' 3 independent experiments). In (F), PBMCs (100,000 per well) were
also incubated with anti-CD3/CD28 conjugated beads for 3 days in the absence (white bars) or in the presence (dashed bars) of
MSCs (1:2 MSCs:PBMCs). Cultures with MSCs were conducted in the absence (none) or with the indicated concentration of MP,
CsA, and MPA. The percentage inhibition of anti-CD3/CD28–induced PBMC proliferation with various drug concentrations
ranged from 10% to 30% for MP or CsA alone and from 60% to 87% for MPA alone. Data are means & SD; *P % 0.05 versus
allogeneic MLR, °P % 0.05 versus none (by ANOVA, n ' 3 independent experiments).
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interstitium of patient 2, but not in naïve untrans-
planted kidneys nor in a renal graft with acute
cellular rejection (Figure 3, D and E).

Immunophenotyping of Peripheral Blood T
Lymphocytes

In patients 1 and 2, and in control living-related
kidney transplant recipients given the same induction

therapy (Simulect (Sim)/RATG patients), RATG in-
duced profound CD8! and CD4! T cell depletion
(Figure 4, A and B). At 180 and 360 days posttrans-
plant, CD8! T cells approached pretransplant levels,
whereas the CD4! T cell counts remained lower than
pretransplant values both in patients given MSCs and
in Sim/RATG patients (Figure 4, A and B).

In patient 1 the percentage of memory CD45RO!
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Figure 3. | Characterization of infiltrating cells, complement deposition, and MSCs in kidney grafts. Kidney graft biopsies
were taken at day 15 posttransplant in patient 2 because of the suspicion of graft rejection and at day 360 in patient 1
(protocol biopsy). As controls, renal biopsies from patients with acute graft rejection (n ' 3) within 15 to 100 days
postoperative and from patients (n ' 3) undergoing protocol biopsy at 1 year posttransplant were analyzed. (A) reports
counts of intragraft cell infiltrates and score of C3 complement deposition. For both immunofluorescence and immuno-
peroxidase analyses the number of positive cells were counted in at least 20 to 30 high-power fields. Complement
deposition, analyzed by immunofluorescence technique, was scored for intensity (absent, faint, moderate, intense: 0 to 3)
in at least 20 to 30 high-power fields. Data for patients 1 and 2 are the mean & SD of cell counts in the 20 to 30 high-power
fields. (B) and (C) are representative images of intragraft immunostaining for granulocytes (red) and C3 deposition (green)
in patient 2 given MSCs and in a patient with acute graft rejection, respectively. In patient 2 granulocytes colocalized with
C3 staining (*). Original magnification, #400. (D) reports intragraft CD105 and CD44 double-positive cell counts in kidney
graft biopsies from patients 2 and 1. As controls, renal biopsies from a patient with acute graft rejection at day 15
postoperative, a patient undergoing protocol biopsy at 1 year posttransplant, and a section of normal renal tissue from
patients undergoing nephrectomy for renal carcinoma were analyzed. The total number of double-positive cells counted in
3 mm2 (corresponding to the area of about 30 high-power fields) is reported. (E) is a representative image of intragraft
double-positive MSCs for CD105 and CD44 (arrows) in patient 2. Original magnification, #400.
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RA"CD8! T cells within the total CD8! T cell population
progressively decreased up to day 30 posttransplant and re-
mained lower than pretransplant values thereafter (Figure 4C).
In patient 2 the percentage of memory CD45RO!RA"CD8! T
cells remained comparable to pretransplant values during the
first 30 days and then decreased to a very low level at day 180
when the total CD8! T cell counts completely recovered. Con-
versely, in Sim/RATG patients the percentage of

CD45RO!RA"CD8! T cells at 30, 180, and 360 days posttrans-
plant was comparable to pretransplant values (Figure 4C).

The percentage of CD4!CD25highFoxP3!CD127" regula-
tory T cells (Treg) within the total CD4! T cell population
markedly decreased during the first 30 days both in patients
given MSCs and in Sim/RATG patients (Figure 4D). There-
after, in patient 1 the percentage of Treg considerably in-
creased, reaching pretransplant values at days 180 and 360
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(Figure 4, D and F). Similarly, in patient 2 a marked increase
in the percentage of Treg was found from day 30 onward. In
Sim/RATG recipients the percentage of Treg only margin-
ally increased from 30 to 360 days follow-up (Figure 4, D and
G). Thus, the ratio of Treg/memory CD8! T cells was higher
in patients given MSCs than in Sim/RATG recipients (Figure
4E).

Ex Vivo Posttransplant Immunologic Assays
At day 180 posttransplantation, the frequencies of

antidonor IFN-#–producing memory T cells (Figure 5A)
and antidonor granzyme-B–producing memory
CD8! T cells (29) (Figure 5B) in MSC-treated patients
1 and 2 were comparably lower than pretransplant
values. These memory responses were less affected in
Sim/RATG controls (Figure 5, A and B). At the same
time posttransplant, the cytolytic function of CD8! T
cells was completely abrogated in response to donor
antigens and reduced against third-party antigens in
patients 1 and 2 (Figure 5C). In Sim/RATG patients
the CD8! T cell cytolytic response toward both donor
and third-party antigens did not significantly change
as compared with pretransplant values (Figure 5C).

Both patient 1 and patient 2 did not develop anti-HLA
class I and II antibodies during the entire follow-up.

Discussion
The main purpose of the study was to establish the

safety and clinical feasibility of cell-based therapy
with MSCs in the context of kidney transplantation.

Patients given autologous bone marrow– derived
MSCs and kidney transplantation both developed
renal insufficiency 7 to 14 days after cell infusion. In
patient 1—who could not receive a kidney biopsy—
normal BP, lack of fever, preserved diuresis, no
graft pain or tenderness in the presence of expected
blood CsA trough levels, normal size and structure
of the kidney graft, and no edema of renal pelvis at
ultrasound with mild increase in renal resistivity
index render a diagnosis of acute rejection ex-
tremely unlikely. In patient 2 graft kidney biopsy
showed a focal inflammatory infiltrate of renal in-
terstitium, mostly granulocytes with very few T
and B cells. These findings were taken to exclude a
kidney graft rejection. Instead, CD44 and CD105
double-positive MSCs were found in the graft, bona

IFN!
(spots/300.000 cells)A

0
2
4
6
8

10
12
14
16
18
20

vs donor vs TP
pre 180d 360d pre    180d  360d

0

10
20

30

40
50

60

70
80

90

*

GrB
(spots/200.000 cells)B

0
1
2
3
4
5
6
7
8
9

10

vs donor
 pre 180d  360d

0

10

20

30

40

50

60

vs TP
pre 180d 360d 0

1

2

3

4

5

6

 pre 180d 360d
vs donor vs TP

 pre 180d 360d0

5

10

15

20

25

30

35

Cell mediated lympholysis
(% lysis)C

*

*

Figure 5. | Immunological assays of the memory T cell response were evaluated by ELISPOT for IFN-" (A) and Granzyme-B (B)
and the CD8! T cell function by T cell–mediated lympholysis [percentage-specific lysis at 50:1 effector-target ratio, (C)] toward
donor and third-party (TP) antigens on PBMCs taken pretransplant (“pre”) and at day 180 and day 360 posttransplant from
patient 1 (E) and day 180 from patient 2 (F), and from Sim/RATG patients (living donor-kidney transplant recipients given the
same induction therapy but not MSCs, as controls, white bars). Data are means & SEM. *P % 0.05 versus pretransplant.

Clin J Am Soc Nephrol 6: 412–422, February, 2011 Autologous MSC and Kidney Transplantation, Perico et al. 419

jpiffari
44



fide from the autologous cells previously infused in
the transplant recipient, because no MSCs were
documented in untransplanted kidneys or kidney
from a patient with early acute graft rejection. De-
spite the well known anti-inflammatory properties
of MSCs (30), the various soluble factors produced
by MSCs also include proinflammatory mediators
(31–33), which eventually may have contributed to
the intragraft recruitment of granulocytes and slow
progressive deterioration of renal function. Patients
1 and 2 are in good health with stable graft function
after 360 and 180 days posttransplantation, respec-
tively, and are still on follow-up.

In the first clinical trials assessing safety of MSC
infusion and possible treatment strategies for graft-
versus-host disease, ischemic heart disease, spinal
cord injury, and systemic lupus erythematosus, none
of the patients have reported any significant adverse
events associated with MSC transplantation (34–38)
(Supplemental Text). Until now, however, there has
been no report about the safety of MSC infusion in
patients undergoing solid organ transplantation.
Maldifferentiation, promotion of tumor growth, and
malignant transformation have also been suggested
as possible side effects after MSC injection (18,19).
Furthermore, some reports showed transformation of
human MSCs in culture (39), although at least in two
cases a tumor was formed or initiated because of
contamination of MSCs with cancer cells (40,41). This
observation further underlines the need of careful
phenotypic, functional, and genetic characterization
of MSCs before cell administration (39). So far, how-
ever, tumor-promoting events of MSCs have never
been observed in any of more than 500 patients who
received this cell therapy (34–38) (Supplemental
Text). The contribution of MSCs in the development
of hemangiomas on native kidney in patient 2 re-
mains ill defined. Paracrine mechanisms may favor
endothelial proliferation, whereas MSC differentia-
tion into adipocytes may contribute to adipogenesis
during hemangioma involution (42). However, these
lesions could also be accidental findings unrelated to
MSC infusion.

In this study, we also wanted to gain initial insight
into the in vivo effect of MSC infusion on homeostatic
proliferation and function of T cells after peritrans-
plant T cell depletion. We found that, in the two
patients given MSCs, but not in the control transplant
recipients, the percentage of memory CD8! T cells
within the overall CD8! T cell population markedly
decreased posttransplant despite the anticipated ho-
meostatic proliferation of the remaining T cell subsets.
The expansion of memory T cells that escape deletion
after lymphoablation represents a major barrier to
transplant tolerance. The mechanism responsible for
the MSC-mediated suppression of memory CD8! T
cell proliferation remains under investigation. Be-
cause MSCs produce TGF-$ (14,43), which antago-
nizes the effect of IL-15—relevant to memory CD8! T
cell expansion (44)—the possibility exists that MSC-
induced downregulation of homeostatic repopulation

of memory CD8! T cells could be a TGF-$–mediated
event.

The change in the memory CD8! T cell profile in
the peripheral blood of the patients given MSCs was
associated with a profound reduction in CD8! T cell
activity. These effects were less pronounced in control
kidney transplant recipients given the same induction
therapy but not MSCs. These findings can be inter-
preted as to indicate that MSCs have an additional
effect beyond that of immunosuppressive drug ther-
apy on the inhibition of memory CD8! T cell expan-
sion and function in the transplant setting.

Evidence from experimental models of solid organ
transplantation suggests that the mechanisms of
MSC-induced tolerance include regulatory T cells
(17,45,46). Despite the two patients given MSCs were
receiving CsA, known to prevent the development of
Treg by the inhibition of IL-2 (10,47), a progressive
expansion of Treg was documented posttransplant.
This skewed the Treg/memory CD8! T cell ratio
toward the regulatory cells, favoring a protolerogenic
environment.

Our findings in the two patients show, for the first
time, that MSC infusion in kidney transplant recipi-
ents is feasible and restricts memory T cell expansion
while enlarging the Treg population. However, infu-
sion of MSCs after kidney transplantation induced
graft dysfunction. The safety concern of posttrans-
plant MSCs anticipated the need to modify the study
protocol moving cell infusion pretransplant, an ap-
proach being effective in experimental models of solid
organ transplantation (17,48). Moreover, we advise
for future clinical trials with MSCs to look with the
greatest care for the unexpected, especially concern-
ing unwanted side effects.
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Multipotent mesenchymal stromal cells (MSC) have re-
cently emerged as promising candidates for cell-based
immunotherapy in solid-organ transplantation. How-
ever, optimal conditions and settings for fully harness-
ing MSC tolerogenic properties need to be defined.
We recently reported that autologous MSC given post-
transplant in kidney transplant patients was associ-
ated with transient renal insufficiency associated with
intragraft recruitment of neutrophils and complement
C3 deposition. Here, we moved back to a murine kid-
ney transplant model with the aim to define the best
timing of MSC infusion capable of promoting immune
tolerance without negative effects on early graft func-
tion. We also investigated the mechanisms of the im-
munomodulatory and/or proinflammatory activities of
MSC according to whether cells were given before or
after transplant. Posttransplant MSC infusion in mice
caused premature graft dysfunction and failed to pro-
long graft survival. In this setting, infused MSC local-
ized mainly into the graft and associated with neu-
trophils and complement C3 deposition. By contrast,
pretransplant MSC infusion induced a significant pro-
longation of kidney graft survival by a Treg-dependent
mechanism. MSC-infused pretransplant localized into
lymphoid organs where they promoted early expan-
sion of Tregs. Thus, pretransplant MSC infusion may be
a useful approach to fully exploit their immunomodu-
latory properties in kidney transplantation.

Key words: Graft inflammation, in vivo localization,
kidney transplantation, mesenchymal stromal cells,
mice, regulatory T cells

Abbreviations: BM, bone marrow; BUN, blood urea
nitrogen; ELISPOT, enzyme-linked immunosorbent
spot assays; GFP, green fluorescence protein; MSC,
multipotent mesenchymal stem cells.
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Introduction

Transplantation is regarded as the only therapeutic choice
for end-stage organ failure; however the prolonged accep-
tance of transplanted organs requires long-term use of
combined immunosuppressive drugs which carries serious
risks for long-term side effects such as accelerated cardio-
vascular disease, metabolic complications, life-threatening
infections and malignancies (1). Induction of immune toler-
ance would overcome these shortcoming, possibly allow-
ing indefinite graft survival (2).

Multipotent mesenchymal stromal cells (MSC) (3) have re-
cently emerged as a promising candidate for cell-based
therapy in transplantation given their unique immunomod-
ulatory properties. In vitro, MSC inhibit T cell prolifera-
tion by both cell-to-cell interaction and release of solu-
ble factors (4,5). MSC also promote the differentiation of
CD4+ T cells to specific subsets. Indeed, MSC skew T
cell responses toward Foxp3+ regulatory T cells (Tregs)
and concurrently suppress Th1, Th2 or Th17 responses (6–
8). MSC modulate dendritic cell (DC) maturation toward a
tolerogenic population through downregulation of cell sur-
face expression of MHCII, the costimulatory molecules
CD40, CD80 and CD86 and by preventing the cell hom-
ing to lymph node through lowering chemokine-receptor
CCR7 expression (9–13). Moreover, we and others showed
that infusion of MSC was effective in prolonging allo-
graft survival in skin (14), heart (12,15–19), kidney (20),
liver (21) and pancreatic islet (19,22) transplantation in
rodents.

We recently extended our experimental work to clin-
ical transplantation in two living-related donor kidney
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recipients who were given ex vivo expanded, autolo-
gous, bone marrow-derived MSC at day 7 posttrans-
plant, after induction therapy with Basiliximab/low-dose
thymoglobulin (23). MSC infusion did promote on long
term a protolerogenic environment characterized by lower
memory/effector CD8+ T cells, expansion of CD4+ Tregs
and reduction of donor-specific CD8+ T cell cytotoxicity,
compared with control kidney transplant recipients given
the same induction therapy but not MSC. However, few
days after cell infusion, both MSC-treated patients devel-
oped acute renal insufficiency. Histologic and immuno-
histochemic analysis of graft infiltrating cells did exclude
an acute cellular or humoral rejection, but intragraft re-
cruitment of neutrophils together with MSC, as well as
complement-C3 deposition were observed (23). The sub-
clinical inflammatory environment of the graft in the few
days postsurgery could have favored the intragraft recruit-
ment and activation of the infused MSC. Such event could
have promoted a proinflammatory milieu with complement
activation, neutrophil recruitment and ultimately kidney
dysfunction. Therefore, it was suggested that the unex-
pected acute deterioration of graft function following MSC
infusion could be avoided by giving cells before kidney
transplantation. To test this possibility, in this study we
moved back to a clinically relevant murine kidney trans-
plant model with the aim to define the best timing of
autologous MSC infusion that allows to control donor-
specific alloreactive T cells and to promote immune tol-
erance without any negative effect on early graft function.
We also aimed at exploring the mechanisms of the im-
munomodulatory and/or inflammatory activities of MSC
according to whether cells were given before or after
transplantation.

Materials and Methods

Detailed methods of murine kidney transplantation, enzyme-linked im-
munosorbent spot (ELISPOT) assays and flow-cytometry analysis and quan-
titative real-time RT-PCR may be found in the online version of this article.

Mice
Eight- to 10-week-old C57BL/6 (C57) and Balb/c mice were from Charles
River (Calco, Italy). B6.Cg-Foxp3tm2(EGFP)Tch/J mice (Foxp3-GFP) coexpress-
ing green fluorescence protein (GFP) and the transcription factor Foxp3
were from Jackson Laboratory (Bar Harbor, Maine, USA). All animal experi-
ments were approved by the Institutional Animal Care and Committee and
were conducted in conformity with the institutional guidelines and interna-
tional law and policies.

MSC isolation and characterization
Bone marrow was flushed from the shaft of femurs and tibias of 2-month-
old C57 mice with DMEM (Sigma-Aldrich) containing 5% FCS (Invitrogen)
and then filtered through a 100-lm sterile filter to produce a single-cell
suspension. Filtered BM cells were plated in DMEM/10% FCS and allowed
to adhere for 6 h. Medium was then changed regularly every 3 days; after
2–3 weeks adherent cells were detached by trypsin-EDTA. Primary MSC
cultures were collected and immunodepleted of CD45+ and CD11b+ cells
as previously described (12). CD45"CD11b" MSC expressed low levels of

MHC class I and II, were positive for CD44 expression and negative for
CD86 expression (12). MSC properties to differentiate toward osteoblasts,
adipocytes and chondroblasts in vitro have been routinely assayed, as pre-
viously described (24). Independent MSC batches were used for transplant
experiments.

Detection of infused MSC in recipient organs
MSC were labeled with the membrane dye PKH26 according to the manu-
facturer’s protocol (Red Fluorescence Cell Linker kit; Sigma-Aldrich) prior to
intravenous infusion. Labeling efficacy was found to be >90% by FACS
analysis. MSC localization into spleens and kidneys was performed as
previously described (12). For each tissue, three nonconsecutive sections
were analyzed and PKH26+ cells in 50 randomly selected high-power fields
(HPF) were counted. Results are expressed as number of PKH26+ cells
per mm2.

Immunohistochemical analysis
Intragraft CD4+Foxp3+ cells in wild-type C57 mice were analyzed by the
immunofluorescence technique on frozen tissue sections, as previously de-
scribed (12). Numbers of total single- or double-positive cells were counted
in at least eight randomly selected HPF. For each animal, percentages of
CD4+Foxp3+ on CD4+ cells were calculated.

Foxp3-GFP+ cells into the spleens of Foxp3-GFP mice were counted in at
least 25 HPF and expressed as number of Foxp3-GFP+ cells/mm2.

Intragraft neutrophils and C3 deposition were analyzed by the immunoflu-
orescence technique on frozen tissue previously fixed in PFA 2%. Air-
dried and fixed sections (5 lm) were then incubated with either rat anti-
mouse Gr1 followed by FITC-conjugated goat anti-rat IgG for neutrophils
or with FITC-conjugated goat anti-mouse C3. Neutrophils were counted in
at least 10–15 randomly selected HPF (X400) and expressed as number
of cells/mm2. C3 was scored (0 = absent; 1 = faint staining; 2 = mod-
erate staining; 3 = intense staining) as previously described (25). Around
10 glomeruli and 10–15 randomly selected HPF (X400) with tubuli for each
section were examined.

Negative controls were carried out by omitting the primary antibody or with
isotype antibody, usually on a second section on the same slide.

Statistical analysis
Survival data were compared using the log-rank test. All other data were
analyzed by ANOVA. Differences with a p value <0.05 were considered
significant.

Results

Murine model of acute rejection to a kidney
transplant for studying tolerogenic properties of MSC
The conventional transplantation of a fully MHC-
mismatched Balb/c kidney (H-2d) in C57 recipients (H-2b)
resulted in variable graft survival times with some animals
that acutely rejected the graft within 10 days posttrans-
plant while one-third of them experienced graft survival of
more than 60 days (Figure 1A), with moderately impaired
but stable graft function (Figure 1B). To achieve a more
reproducible and severe kidney transplant model, we sen-
sitized C57 recipient mice toward donor antigens by the
infusion of donor Balb/c splenocytes (1#106 i.v., 7 days
before kidney transplantation). Recipient sensitization en-
hanced frequency of donor Balb/c-reactive IFNc -producing
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Figure 1: Donor sensitization resulted in a more severe kidney graft rejection. (A) C57 mice, sensitized by the infusion of Balb/c
splenocytes (n = 5), acutely rejected Balb/c kidney allograft, at variance with nonsensitized mice that experienced long-term graft survival
(n = 10). §p<0.05 versus nonsensitized mice. (B) Kidney graft function, by the evaluation of BUN levels, rapidly deteriorated in sensitized
mice whereas remain moderately impaired in nonsensitized mice during the 60 days follow-up (range of BUN from nontransplanted naı̈ve
mice is shown in horizontal dashed bars); $p<0.05 versus BUN at day 7 posttransplant in nonsensitized mice. (C) Frequency of donor-
reactive IFNc -producing cells following ex vivo exposure of spleen cells from sensitized mice (n = 5) to Balb/c stimulators was significantly
lower than those observed in nonsensitized mice (n = 5). (D) FACS analysis showed increased percentages of splenic CD44highCD62L"

effector memory cells either on CD3+CD4+ T cells or on CD3+CD8+ T cells in sensitized mice compared with nonsensitized mice,
whereas CD44highCD62L+ central memory CD4+ and CD8+ T cells were comparable between the two groups of mice. (E) The ratio
between Treg and effector memory CD4+ and CD8+ T cells is reduced in sensitized mice compared with nonsensitized animals, §p<0.05
versus nonsensitized mice. Data are mean ± SE.

cells when tested 7 days after Balb/c splenocyte infusion
(Figure 1C). Alloantigen sensitization also increased the
percentage of splenic CD44highCD62L" effector/memory
(TEM) CD4+ and CD8+ T cells compared with nonsensitized
mice (Figure 1D) and, consequently, significantly reduced
the ratios of Treg/CD4+ or CD8+ TEM (Figure 1E). Allosen-
sitization was accompanied by donor-specific antibody de-
velopment (Figure S1). Transplantation of Balb/c kidneys
into sensitized mice (n = 5, Figure 2) resulted in a rapid in-
crease in BUN levels (Figure 1B) and acute graft rejection
(Figure 1A) within 10 days in all transplanted mice.

Different timing of MSC infusion affects kidney graft
function and survival in sensitized mice
We assessed the effect of different timing of MSC infusion
in prolonging kidney graft survival. To this purpose donor-
sensitized C57 recipient mice were given syngeneic MSC
infusion (0.5#106, i.v.) either post- or pretransplantation. A
group of mice received a posttransplant MSC infusion (day
+2, n = 5). Three additional groups received pretransplant
MSC infusion: 7 days (n = 5), 1 day (n = 5) before trans-
plant or the double pretransplant MSC infusions (at days
"7 and "1, n = 5, Figure 2). All mice received a Balb/c
kidney transplant at day 0. Mice given MSC 2 days after

transplantation showed a significantly higher BUN levels
4 days posttransplant (i.e. 2 days after MSC infusion) com-
pared to non-MSC infused transplanted mice (Figure 3A).
This sudden increase was not observed in mice receiving
either single or double infusion of MSC prior to transplan-
tation (Figure 3A), indicating that posttransplant infusion
of MSC did associate with premature graft dysfunction.
Then in mice given MSC 2 days after transplantation, kid-
ney graft function progressively and further deteriorated
(Figure 3A) and all mice rejected the kidney allograft within
20 days (Figure 3B). By contrast, a single (either day "7
or day "1) and double (at day "7 and at day "1) pretrans-
plant infusion of MSC significantly prolonged kidney graft
survival compared with untreated transplanted mice (Fig-
ure 3B). The double MSC infusion showed a trend toward
a better graft survival, albeit not to a statistically significant
level.

At histologic analysis, kidneys from MSC-treated rejecting
mice showed inflammatory infiltrates and tubular damage
similar to those from non-MSC infused rejecting mice in-
dicating an ongoing acute cellular rejection. At variance,
MSC-tolerized kidney grafts showed minimal histologic
changes (Figure S1). Similar IgG deposition was found
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Figure 2: Experimental flow chart for in vivo study design. C57 mice, were given (or not) syngeneic MSC infusion at different time
points respect to a Balb/c kidney transplant to assess the impact of different timing of MSC on graft survival and function. GFP-Foxp3
mice, received PKH26-MSC at different time points respect to a Balb/c kidney transplant and then killed 2–3 days after cell infusion to
assess MSC distribution and for mechanistic studies.

in kidney grafts from mice given double pretransplant
infusions of MSC and either had failing grafts during the
60 day follow-up or had long-term graft survival (Figure S1).
These data would not support a humoral rejection as the
leading cause of acute kidney graft failure in MSC-treated
mice, at least during the first 60 days after transplant.

In mice receiving pretransplant MSC infusion and surviving
more than 20 days posttransplant, kidney graft function
was well preserved during the 60-day follow-up (Figure 3A).

Long-term surviving pretransplant MSC-infused mice were
killed and ex vivo studies were performed to dissect mech-

anism(s) leading to long-term graft acceptance. In MLR ex-
periments, splenocytes from tolerant MSC-treated mice
(n = 5) showed a lower frequency of antidonor IFNc -
producing cells toward Balb/c stimulators than in sensi-
tized nontransplanted mice, whereas the response against
third-party C3H antigens was similar between groups (Fig-
ure 4A), indicating a donor-specific T cell hyporesponsive-
ness in MSC-tolerized mice. To assess the role of Treg
in MSC-induced tolerance, we stained splenocytes from
tolerant and sensitized nontransplanted mice with anti-
CD4 and anti-Foxp3 antibodies for FACS analysis. In MSC-
tolerized mice the percentage of CD4+Foxp3+ Tregs over
total CD4+ T cells was higher and accordingly, the ratios

2376 American Journal of Transplantation 2012; 12: 2373–2383

jpiffari
54



MSC in Kidney Transplantation

Figure 3: Impact of different timing of MSC infusion in pro-
longing kidney graft survival. (A) BUN levels at day 4 after
transplantation are significantly higher in mice receiving MSC 2
days after transplant than those from non MSC-infused mice or
mice given pretransplant MSC infusion either at day "7 or at
day "1 or the double pretransplant MSC infusion. From day "7
onward, BUN levels are significantly lower in mice given pretrans-
plant MSC infusions than those from untreated mice. Data are
mean ± SD, %p<0.05 versus all the other groups at day 4 post-
transplant, $p<0.05 versus BUN in mice receiving MSC at day +2
or non-MSC infused mice at day 7 posttransplant. (B) Sensitized
mice receiving either single or double pretransplant intravenous
infusion of syngeneic MSC (0.5#106) had prolonged kidney graft
survival compared with mice receiving posttransplant (day +2)
cell infusion or non-MSC infused mice. §p < 0.05 versus no cell
infusion.

Treg/CD4+ or CD8+ TEM were significantly increased than
in sensitized non-MSC infused untransplanted mice (Fig-
ure 4B,C). Immunohistochemical analysis of kidney allo-
grafts showed that 27% of CD4+ T cells in grafts taken
from MSC-treated tolerant mice expressed Foxp3 com-
pared with 9% in rejected kidneys from non-MSC infused
transplanted mice (Figures 4D and E).

Three additional mice receiving double pretransplant infu-
sion of MSC (at 7 and 1 day before transplant) were given a
depleting anti-CD25 antibody (clone PC61, 500 lg i.p. (26))
at days 1 and 3 posttransplant. A slight prolongation of
kidney graft survival was observed compared to non-MSC

infused mice but eventually all mice rejected the kidney
graft within 20 days posttransplant (Figure 4F), confirming
that CD25+ Treg have a role in MSC-induced prolongation
of graft survival.

Homing of MSC into the graft according to pre- and
posttransplant cell infusion and MSC-induced graft
inflammation
Four groups of sensitized C57 mice were studied (Figure 2).
Three mice were transplanted with a Balb/c kidney, were
given 0.5#106 PKH26-MSC 2 days after surgery and 24
h later animals were killed (post-MSC (+2)). Three addi-
tional mice received 0.5#106 PKH26-MSC the day before a
Balb/c kidney transplant, and then killed 24 h posttransplant
(pre-MSC ("1)). As controls, four mice received 0.5#106

PKH26-MSC and then were killed 24–48 h after cell infusion
without being transplanted (MSC-only), while three other
mice were transplanted with a Balb/c kidney, left untreated
and killed 3 days later (no-MSC).

In post-MSC (+2) animals, PKH26+MSC were clearly de-
tectable in the kidney graft the day after cell infusion and
the numbers of intragraft PKH26+MSC were significantly
higher than those found in grafts from pre-MSC ("1) mice,
where MSC was negligible (Figure 5A). Very few MSC
were also found in the kidney of nontransplanted mice
(MSC-only), indicating that MSC infusion before kidney
transplantation did not associate with their localization in
the graft (Figures 5A–C).

To establish whether ischemia/reperfusion (I/R) injury could
contribute to MSC recruitment into the graft, we performed
syngeneic C57 kidney transplants into sensitized C57 re-
cipients (n = 3). PKH26+MSC were infused 2 days after
transplant (0.5#106, i.v.) and mice killed 24 h later. A sig-
nificantly higher number of MSC was found into syngeneic
grafts compared with kidney from MSC-infused nontrans-
planted mice (Figure 5A), suggesting that I/R injury plays a
role in MSC recruitment into the transplanted grafts. How-
ever, the numbers of MSC in syngeneic kidney grafts was
lower than those found in allografts from post-MSC (+2)
mice (Figure 5A). This finding also suggests that the on-
going immune insult to the allograft contributed to MSC
localization into the injured kidneys.

We then evaluated graft infiltrating neutrophils and comple-
ment deposition on allografts from mice of the post-MSC
(+2), pre-MSC ("1) and no-MSC groups. Accordingly, we
found a significant increased number of neutrophils (Fig-
ures 5D–G) and increased complement deposition both in
peritubular capillaries and in glomeruli in allografts from
post-MSC (+2) mice compared with mice from pre-MSC
("1) and no-MSC groups (Figures 5H–K).

To characterize MSC-induced graft inflammation we eval-
uated mRNA expression of IL-6, TNFa, IFNc , iNOS and
TGFb by real-time PCR in renal tissues from post-tx MSC
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Figure 4: Treg expansion in long-
term surviving MSC-treated mice.
(A) Spleen cells isolated from MSC-
infused long-term tolerant mice (n =
5) showed lower frequency of anti-
donor Balb/c IFNc -producing cells
compared with sensitized nontrans-
planted mice. Frequencies of anti-C3H
(used as third party antigens) IFNc -
producing cells were comparable be-
tween groups. Data are mean ± SE,
§p < 0.05 versus sensitized nontrans-
planted mice. (B) FACS analysis of
Foxp3+ cells on splenic CD3+CD4+

T cells from MSC-infused long-term
tolerant mice revealed an increased
percentage of Tregs compared with
those found in spleen from sensitized
nontransplanted mice. (C) The ratios
of Treg/effector memory CD4+ and
Treg/effector memory CD8+ T cells
were increased in tolerant animals
compared with sensitized mice. Data
are mean ± SE, §p<0.05 versus sen-
sitized mice. (D,E) Representative im-
ages of intragraft immunostaining of
CD4+ cells (green) and CD4+Foxp3+

cells (yellow/red) in kidney allografts
from MSC-infused long-term tolerant
mice (n = 5 mice surviving >60
days after transplant) or from sensi-
tized mice rejecting their graft (n = 3
mice), respectively. Original magnifica-
tion #400. Percentages (indicated in
the respective image) of CD4+Foxp3+

on total infiltrating CD4+ cells in MSC-
infused long-term tolerant mice were
significantly higher than those found
in sensitized mice rejecting their kid-
ney graft (mean ± SD, %p < 0.05 vs.
rejecting). (F) Anti-CD25 mAb adminis-
tration to mice given double pretrans-
plant MSC infusions resulted in graft
rejection within 20 days posttransplant.
§p < 0.05 versus MSC at day "7 and
at day "1.

(+2) and from no-MSC allogeneic and syngeneic groups,
both taken 3 days after surgery.

A trend toward an increased mRNA expression of IL-6 and
TNFa was found in kidney allografts from post-tx MSC (+2)
mice versus no-MSC allografts. The difference reached sta-
tistical significance in syngeneic groups (Figures 5L and
M). mRNA levels for IFNc , iNOS and TGFb were similar
between the MSC-treated and no-MSC groups (Figures 5L
and M).

Altogether these data indicate that MSC infusion post-
but not pre-kidney transplantation allows preferentially

MSC recruitment into the subclinical inflammatory envi-
ronment of the graft created by I/R injury and by im-
mune insult, and once in this environment MSC contribute
to upregulate inflammatory cytokine expression. Eventu-
ally MSC promotes complement activation and neutrophil
recruitment.

Localization of MSC into the recipient spleen dictates
Treg expansion
We investigated whether timing of MSC infusion af-
fected their capability to localize into lymphoid organs
and to induce Treg expansion. A high number of infused
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Figure 5: Homing of MSC according to pre- and posttransplant cell infusion in sensitized mice and MSC-induced graft inflam-
mation. Panel A reported the number of PKH26+ MSC (as cells/mm2) in kidney grafts and in spleen from mice receiving MSC 2 days
after transplantation (post-MSC (+2)), mice receiving MSC 1 day before transplantation (pre-MSC ("1)), and from mice receiving the
only MSC infusion (MSC-only). The number of PKH26+MSC in kidney grafts and in spleen from mice given MSC infusion 2 days after a
syngeneic kidney grafts is also included. $p<0.05 versus pre-MSC ("1) and MSC-only, %p < 0.05 versus MSC-only and post-MSC (+2).
Either overestimation of MSC due to apoptotic vesicle or membrane fragment phagocytosis by macrophages or underestimation because
of PKH26 dilution in MSC proliferating cells cannot be excluded. Representative images of PHK26+ MSC in spleen of mice receiving
MSC infusion one day before transplantation and killed 48 h after cell infusion (pre-MSC ("1), B) or from transplanted mice receiving
MSC 2 days after the Balb/c kidney transplant and killed 24 h later (post-MSC (+2), C) are shown. Original magnification 400#. Panels D,
E and F are representative images of immunohistochemical staining for neutrophils in kidney graft tissues from mice of post-MSC (+2),
pre-MSC ("1) and no-MSC infused transplanted mice (no-MSC infusion) groups, respectively. In panel G are reported the counts (mean ±
SD) of neutrophils as cell/mm2 for each group of mice. Panels H, I and J are representative images of immunohistochemical staining for
complement C3 deposition in kidney graft tissues from mice of post-MSC (+2), pre-MSC ("1) and no-MSC infusion groups, respectively
and the mean ± SD score are reported in panel K. Original magnification 400X. %p < 0.05 versus pre-MSC ("1) no-MSC infusion groups.
(L) Kidneys from post-MSC (+2) mice showed a trend toward increased mRNA expression of IL-6 and TNFa while expression of IFNc ,
iNOS and TGFb mRNAs were similar to non-MSC infused mice. (M) Syngeneic grafts from mice given MSC 2 days after surgery showed
increased mRNA levels for IL-6 and TNFa compared to syngeneic grafts from non-MSC infused mice syngeneic grafts, §p < 0.05 versus
non-MSC infused mice. IFNc , iNOS and TGFb mRNAs were similar to non-MSC infused mice syngeneic grafts.
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PKH26+MSC localized into the spleen of mice receiving
MSC pretransplant (pre-MSC ("1)) and of MSC-only mice,
whereas a significantly lower number of cells was detected
into the spleen of animals receiving MSC posttransplanta-
tion (post-MSC (+2), Figures 5A–C).

Foxp3-GFP+ Tregs into the spleen of mice from post-MSC
(+2) and preMSC ("1) groups were analyzed by FACS on
spleen cell suspensions or by immunohistochemical analy-
ses of spleen tissues. A significantly higher percentage of
Tregs over total CD4+ T cells was found in splenocytes of
mice from the pre-MSC ("1) group than in the post-MSC
(+2) group mice (Figures 6A and B). Similarly, histochem-
ical analysis of Foxp3-GFP+ cells in spleen tissue showed
a significantly higher number of Tregs in mice receiving
MSC prior than in animals given MSC 2 days postkidney
transplant (Figures 6C and D).

To confirm the capability of MSC to early expand func-
tional Tregs in vivo, we performed adoptive transfer ex-
periments. Splenocytes from nontransplanted mice given
MSC infusion and killed 1–2 days after (MSC-only) or from
control nontransplanted mice not given MSC (no-MSC)
were transferred into C57 mice (previously sensitized by
donor splenocyte infusion) the day before a Balb/c kidney
transplantation. The transfer of 50#106 splenocytes from
mice given MSC alone significantly prolonged the kidney
allograft survival (n = 4, Figure 6E) compared to sensitized
animals receiving cells from no-MSC animals (n = 3, Fig-
ure 6E).

Discussion

As part of a safety and clinical feasibility study on MSC
infusion in kidney transplantation, we recently reported re-
sults of the first two living donor–kidney transplant recip-
ients given autologous MSC infusion at day 7 posttrans-
plant (23). The choice of administering MSC at day 7 post-
transplant was dictated by two main reasons: (i) in vitro
studies showed that thymoglobulin, which is part of the
immunosuppressive induction regimen adopted in our cen-
ter, bound in vitro to MSC (23), highlighting the possibility
of in vivo MSC lysis should the cells be infused during the
induction phase early posttransplant; (ii) the administration
of MSC at the end of T cell depleting induction therapy
could maximize the MSC effect on Treg expansion during
homeostatic proliferation of residual T cells, a condition
previously shown to be favorable for expansion of Tregs
(27). Although posttransplant infusion of MSC did result
on the long-term in a donor-specific protolerogenic mod-
ulation of the host immune response, transient increase
in serum creatinine level 7–14 days after cell infusion did
occur, associated with hypocellular graft infiltration, mainly
neutrophils, complement deposition and positive staining
for MSC in the kidney biopsy. These clinical and histologic
features were reminiscent to the ones reported during mar-
row recovery in recipients of combined bone marrow and

Figure 6: Localization of MSC into the recipient spleen is as-
sociated with Treg expansion. Panels A and B are representa-
tive FACS dot plots of CD4+ Foxp3-GFP+ cells on gated splenic
CD3+ T cells from mice of pre-MSC ("1) and post-MSC (+2)
groups, respectively. The mean ± SE of the percentage of splenic
CD3+CD4+ Foxp3-GFP+ are reported on the top of each dot plot.
%p<0.05 versus pre-MSC ("1). Representative images of Foxp3-
GFP+ cells in spleen of mice from pre-MSC ("1) group (C) or
from post-MSC (+2) groups (D) are shown. Original magnification
400#. The mean ± SE of the number of splenic Foxp3-GFP+/mm2

are reported on the respective figure. %p < 0.05 versus pre-MSC
("1). (E) Sensitized C57 mice adoptively transferred with spleno-
cytes from mice from MSC-only group experienced long-term
Balb/c kidney graft survival. §p<0.05 versus adoptive transfer (AT)
of splenocytes from non-MSC infused non transplanted mice.

kidney allografts (28), referred as engraftment syndrome
(29).

To gain insight into the clinical observation in our kidney
transplant recipients given MSC early posttransplant, here
we moved back to a murine transplant model to address
two main issues: (1) the impact of timing of MSC infusion
(post vs. pretransplant) on kidney graft outcome; (2) the
in vivo distribution of post- and pretransplant infused MSC
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and the consequent effects on MSC-induced immunomod-
ulation.

This model is a fully allogeneic Balb/c kidney transplant in
C57 recipient mice presensitized by donor cell infusion,
which leads to generation of high frequency of donor-
reactive memory T cells and eventually accelerates kidney
graft rejection. It resembles the human transplant setting
in which donor-specific memory T cells, present in higher
frequency than in conventional experimental animals (30),
are associated with poor allograft outcome (31,32). In this
murine model, we now documented that the time of syn-
geneic MSC infusion in respect to kidney transplantation
dictates the possibility to develop early graft dysfunction
as consequence of the engraftment syndrome. Indeed, as
in humans, renal dysfunction did occur few days after post-
transplant infusion of MSC, but not when cells were given
before kidney transplantation. This effect was the result of
a differential MSC distribution into the recipients accord-
ing to the timing of cell infusion. Posttransplant MSC infu-
sion resulted in preferential homing of cells into the graft,
as in humans. At variance, MSC mainly localized into the
spleen when infused before kidney transplantation. Sub-
clinical graft injury induced by I/R could, at least in part, con-
tributed to the preferential migration of MSC infused post-
transplant toward the transplanted organ. This possibility is
supported by the finding on intragraft MSC recruitment in
syngeneic kidneys transplanted after cold ischemia. Con-
sistently, previously published data documented preferen-
tial MSC homing to site of tissue damage in experimental
models of stroked brains (33), tumors (34), ischemic my-
ocardium (35) and acute renal failure (36). Evidence is avail-
able that in a mouse model of glycerol-induced acute renal
failure the migration of infused MSC into the injured kid-
ney was promoted by the expression of CD44 molecule on
the MSC surface which binds to its ligand hyaluronic acid
(HA) into the organ (36). Since increased HA production
has been shown in rats with renal ischemia-reperfusion in-
jury (37), we anticipate that CD44-HA signaling could be
one of the mechanisms driving MSC recruitment into the
kidney graft.

As previously found in kidney biopsies of transplant
patients receiving MSC posttransplantation (23), MSC
into the murine graft were associated with a signifi-
cant neutrophil infiltration and complement-C3 deposi-
tion. MSC recruitment was followed by increased expres-
sion of IL-6, and TNFa, suggesting that MSC promoted
a proinflammatory environment. Despite the well-known
antiinflammatory properties of MSC (5), in an inflamma-
tory environment MSC can also shift toward a proin-
flammatory phenotype. In vitro activation of MSC with
TLR3 and TLR4 ligands has been shown to induce the
production of inflammatory mediators such as IL-1, IL-
6 and IL-8, further increased by IFNa and IFNc prim-
ing, an event associated in vivo with attraction of neu-
trophils into matrigel-embedded MSC implants (38–42). In
addition, exposure of MSC to complement-active human

serum/blood caused the deposition of activated comple-
ment products on the MSC cell surface and the genera-
tion of soluble anaphylatoxins (43). This process led to a
complement-mediated activation of neutrophils and mono-
cytes via the engagement of complement receptor type 3
(CD11b/CD18) on these cells (43). Together these findings
suggest that in our kidney transplant model TLRs signaling
and/or complement activation, both elicited in response
to ischemia/reperfusion injury (44–47), would promote the
activation of MSC recruited into the graft, with release
into the microenvironment of neutrophil-chemotactic fac-
tors and inflammatory cytokines, and further amplification
of complement activation, leading to premature acute graft
dysfunction.

We then explored whether preferential localization into
the spleen of MSC infused pretransplant translated into
better kidney graft outcome than when cells were given
after transplantation. Infusion of syngeneic MSC either
at day "1, or at day "7 or their combination, but not
at day 2 posttransplantation, significantly prolonged kid-
ney graft survival compared to transplanted animals not
given MSC, all groups without any additional immuno-
suppressive therapy. Moreover, all animals surviving more
than 20 days posttransplant had stable graft function up
to the end of 60 days follow-up with minimal graft his-
tology changes. These findings are in line with previous
observation that the interaction of MSC with immune cells
in lymphoid tissues is critical to achieve immunomodula-
tion in models of autoimmune encephalomyelitis and en-
teropathy in mice (48,49). Thus, to fully exert immunomod-
ulatory activities in kidney transplantation setting MSC
need to interact with immune cells at sites of initial ef-
fector T cell priming as in the spleen or lymph nodes.
This supports our observation that preferential migration
into the spleen of pretransplant but not posttransplant in-
fused MSC was associated with better outcome of kidney
graft.

MSC act as a pleiotropic immune regulator and suppress
an ongoing immune process through various pathways (5).
In particular MSC inhibit the activity of effector T cells in
response to alloantigens (5). Consistently with this obser-
vation, we found reduced frequency of antidonor IFNc pro-
ducing T cells among splenocytes of MSC-tolerized mice.
In addition, MSC have the unique capability to promote
Treg expansion and this process has been shown to be
the main mechanism of MSC-mediated tolerance induc-
tion in experimental models of solid-organ transplantation
(12,19, 21,22). Accordingly, we also found increased num-
ber of Tregs into the spleen and kidney grafts from mice
made tolerant by pretransplant MSC infusion and Treg de-
pletion by an anti-CD25 antibody abrogated MSC-induced
tolerance. Moreover, adoptive transfer of spleen Treg from
MSC-infused animals into naive mice induced tolerance to
a kidney allograft. These findings underline a key role of
Treg in promoting MSC-induced prolongation of graft sur-
vival in our model.
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In summary, we documented that in a sensitized mouse
model of kidney allograft, pretransplant but not post-
transplant administration of syngeneic MSC avoided en-
graftment syndrome and promoted immunomodulation of
host immune response. Through the expansion of donor-
specific Treg into lymphoid organs, MSC prolonged allo-
graft survival and eventually allowed the development of
tolerance. Thus, the requirement of pretransplant infusion
for safely achieving the MSC immunomodulatory effects
should be taken into account in designing future clinical
studies in the setting of kidney transplantation.
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Summary

Bone marrow-derived mesenchymal stromal cells (MSC) have emerged as useful
cell population for immunomodulation therapy in transplantation. Moving this
concept towards clinical application, however, should be critically assessed by a
tailor-made step-wise approach. Here, we report results of the second step of the
multistep MSC-based clinical protocol in kidney transplantation. We examined
in two living-related kidney transplant recipients whether: (i) pre-transplant
(DAY-1) infusion of autologous MSC protected from the development of acute
graft dysfunction previously reported in patients given MSC post-transplant, (ii)
avoiding basiliximab in the induction regimen improved the MSC-induced Treg
expansion previously reported with therapy including this anti-CD25-antibody.
In patient 3, MSC treatment was uneventful and graft function remained normal
during 1 year follow-up. In patient 4, acute cellular rejection occurred 2 weeks
post-transplant. Both patients had excellent graft function at the last observation.
Circulating memory CD8+ T cells and donor-specific CD8+ T-cell cytolytic
response were reduced in MSC-treated patients, not in transplant controls not
given MSC. CD4+FoxP3+Treg expansion was comparable in MSC-treated patients
with or without basiliximab induction. Thus, pre-transplant MSC no longer nega-
tively affect kidney graft at least to the point of impairing graft function, and
maintained MSC-immunomodulatory properties. Induction therapy without ba-
siliximab does not offer any advantage on CD4+FoxP3+Treg expansion (Clinical-
Trials.gov number: NCT 00752479).

Introduction

Notwithstanding promising preclinical [1–11] and early
clinical [12] results with bone marrow-derived mesenchy-
mal stromal cells (MSC), moving the concept of MSC-
based therapy forward towards clinical application in solid
organ transplantation should be critically assessed. There
are few protocols of MSC-based therapy in organ trans-
plantation [13–18]. Our clinical MSC protocol in renal

transplant recipients was conceived as a tailor-made step-
wise approach every few patients to look for the unexpected
and ultimately identify a definite protocol that allows to
create favourable conditions for tolerance while avoiding
unwanted effects. This strategy has been adopted because
MSC-therapy in organ transplantation is a very innovative
potentially useful approach to transplant tolerance, but still
in its infancy. Indeed, while initial results appear promis-
ing, there remain many open questions as to how these cells

© 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd 1

Transplant International ISSN 0934-0874

jpiffari
65



have to be administered and how they may function to
modulate host immune response in vivo in clinical trans-
plant setting. Along this line, our protocol was focussed to
characterize the safety and tolerability of peri-transplant
MSC infusion and define the biological/mechanistic effects
of this cell therapy. Similar to the approach to the patho-
physiology of a rare condition in few patients that may con-
tribute to the understanding of other more common
disorders, intensively studying few transplant patients given
MSC would possibly enlighten the path to elucidate safety
issues and mechanistic immunomodulatory pathways
rather than jumping altogether on large trials before funda-
mental questions have been addressed. Admittedly, this
reflects the opinion of the authors. Still we believe that
playing with cells and potent biological agents for which
there is uncertainty about safety and efficacy and that may
have unexpected side effects justify cautiousness. Thus, we
initially started with two living-related donor kidney recipi-
ents who were given ex vivo expanded, autologous, bone
marrow-derived MSC at day 7 post-transplant, after induc-
tion therapy with basiliximab/low-dose thymoglobulin
[15]. MSC infusion did promote on long-term a pro-toler-
ogenic environment characterized by lower memory/effec-
tor CD8+ T cells, expansion of CD4+ Tregs and reduction
in donor-specific CD8+ T-cell cytotoxicity, compared with
control kidney transplant recipients given the same induc-
tion therapy but not MSC. However, few days after cell
infusion, both MSC-treated patients developed acute renal
insufficiency. Histological and immunohistochemical anal-
ysis of graft infiltrating cells did exclude an acute cellular or
humoral rejection, but intragraft recruitment of neutroph-
ils together with MSC, as well as complement-C3 deposi-
tion were observed [15]. It was hypothesized that the
subclinical inflammatory environment of the graft in the
few days of postsurgery could have favoured the prevalent
intragraft recruitment and activation of the infused MSC
promoting a pro-inflammatory milieu with eventual acute
renal dysfunction (engraftment syndrome), as reported by
others with combined kidney and bone marrow transplan-
tation [19]. Therefore, to gain insight into the clinical
observation in these two patients given MSC post-trans-
plantation, we moved back to a clinically relevant murine
kidney transplant model, and found that a single adminis-
tration of cells before (DAY-1) but not after renal trans-
plantation avoided the acute deterioration of graft
function, while maintaining the immunomodulatory effects
associated with MSC treatment, including a marked Treg
expansion [8].

These experimental findings did represent a gain of
knowledge to further implement our clinical protocol with
the aim to create favourable conditions for MSC-promot-
ing immunomodulation and Treg expansion, avoiding the
unwanted effect of acute deterioration of graft function

associated with the prevalent intragraft localization of MSC
when given at day 7 post-transplantation.
Moreover, our first two MSC-treated transplant recipi-

ents were given induction therapy which included the anti-
IL-2-receptor (CD25) monoclonal antibody basiliximab
[15]. Recent evidence in kidney transplant patients showed
that basiliximab may cause a transient loss of
CD25+FoxP3+Treg cells in the circulation [20]. Together
these findings led us to eliminate basiliximab from the
induction regimen used in previous step 1 with the aim to
possibly maximize the expansion of CD25+FoxP3+Treg
cells.
Therefore, in this study (step 2) in two additional living-

related kidney transplant recipients, we sought to: (i) look
for unwanted and unexpected events when autologous
bone marrow-derived MSC are administered at DAY-1 pre-
transplantation, (ii) evaluate the induction therapy that
would maximize the MSC-induced Treg expansion and im-
munomodulation in the setting of pretransplant cell infu-
sion, (iii) get insights on the mechanisms underlying the
promotion in vivo of a pro-tolerogenic environment, if any,
by MSC-based therapy.

Patients and methods

Patients
A 37-year-old man (patient 3) on peritoneal dialysis caused
by end-stage renal disease (ESRD) secondary to IgA
nephropathy received a renal transplant from his father,
mismatched for two HLA haplotypes (one mismatch on
HLA-A and one on HLA-DR) (Table 1).
A consecutive 34-year-old man (patient 4) on ESRD

secondary to medullary sponge disease received a pre-

Table 1. Baseline patients’ characteristics.

Patient 3 Patient 4

Control group 1*

RATG alone

Control

group 2*

Bas/RATG

Age 37 34 56 ! 9 42 ! 15

Gender (M/F) M M 5/1 4/2

HLA mismatches

median (range)

2 3 4 (3–5) 2 (0–4)

Cross-match Negative Negative Negative Negative

Anti-donor

HLA Abs

Negative Negative Negative Negative

*Control group 1: kidney transplant recipients given induction therapy

with RATG alone and not given MSC (n = 6). Control group 2: kidney

transplant recipients given Bas/RATG induction therapy but not MSC

(n = 6).

Data are mean ! SD. HLA mismatches range was 0–3 for living-donors

(n = 3) and 3–4 for deceased donor (n = 3).

RATG, rabbit anti-thymocyte globulin; Bas, basiliximab.

2 © 2013 Steunstichting ESOT. Published by John Wiley & Sons Ltd
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emptive renal transplant from his mother, mismatched for
three HLA haplotypes (one on HLA-A, HLA-B and HLA-
DR, respectively) (Table 1). Although negative for anti-
donor HLA-antibodies, he was positive for nondonor-spe-
cific anti-HLA DR4 antibodies.

Four to six months before transplantation both of them
underwent right posterior superior iliac crest aspiration
under local anaesthesia. MSC were isolated and ex vivo
expanded according to Good-Manufacturing-Practice pro-
cedures (Cell Therapy Laboratory “G Lanzani”, Ospedali
Riuniti di Bergamo, authorization no. aM-189/2008 Agen-
zia Italiana del Farmaco, AIFA [21,22]). The day before
kidney transplantation (DAY-1), autologous MSC were
administered intravenously (2.0 9 106 cells/kg body
weight) after premedication with chlorphenamine and
hydrocortisone. Immunophenotyping of peripheral blood
T-cell subsets and monitoring of T-lymphocyte function
were performed before and up to day 360 and 180 post-
transplant, in patients 3 and 4, respectively. Written
informed consent was obtained from recipients and living
donors. All treatment protocols were approved by the Isti-
tuto Superiore di Sanit!a (ISS, Rome, Italy, authorization
no. 45253(06)-PRE.21-882) and by the Institutional Review
Board of the Ospedali Riuniti di Bergamo (authorization
no. 352, March 18, 2008).

The patients received induction therapy with low-dose
rabbit anti-thymocyte globulin (RATG) infusion (thymo-
globulin, 0.5 mg/kg daily starting immediately pretrans-
plantation up to day 6 post-transplant). Maintenance
immunosuppression was with cyclosporine A (CsA, target
trough blood levels of 300–400 ng/ml up to day 7 postsur-
gery, and 100–150 ng/ml at month 5 post-transplantation),
mycophenolate mofetil (plasma trough mycophenolic acid
levels [23] of 0.5–1.5 lg/ml), and steroids. Five hundred
milligrams of methylprednisolone were administered
before the first RATG infusion and continued for 2 more
days post-transplantation (250 and 125 mg, respectively).
Thereafter, oral prednisone (75 mg) was administered,
which was progressively tapered and discontinued after day
7 postsurgery. As controls, historical kidney transplant
recipients with a deceased donor (n = 6, Table 1) given
induction therapy with low-dose RATG and the same
maintenance immunosuppression were also considered.
From these patients, PBMC samples taken before and at
days 180 and 360 post-transplant were available. Donor
cells for functional studies were, however, available only
from one patient. Thus, as additional controls, six patients
receiving a living-related (n = 3) or deceased kidney
(n = 3) with comparable HLA mismatches (Table 1), but
not MSC from whom donor cells were available were stud-
ied. They were given basiliximab and low-dose RATG and
the same maintenance immunosuppressive regimen of
MSC-treated patients.

This induction therapy has been introduced in our
clinical practice in kidney transplantation since 2005 to
minimize side effects associated with the standard dose of
RATG [24]. Moreover, to avoid the risk of insufficient
anti-rejection activity, we integrated this regimen of very
low dose of RATG (approximately half the currently rec-
ommended doses for induction and one-third to one-
fourth of doses administered in the large majority of pre-
vious reports [25–27]) with basiliximab (20 mg day i.v.
at day 0 and day 4 post-transplantation) with the ratio-
nale of inhibiting those lymphocytes eventually surviving
low-dose RATG exposure. The dual induction regimen
allows to achieve rapid and effective lymphocyte deple-
tion while simultaneously allowing safe minimization of
maintenance immunosuppression, especially when low
dose RATG is started before patient referral to the surgi-
cal room [28]. With this perioperative minimal induction
therapy, the rate of acute graft rejection was very low
(4%) [28]. This is in line with recent findings with a sim-
ilar regimen of dual antibody induction therapy with
ATG and daclizumab [29].

MSC isolation and expansion

Mesenchymal stromal cells were processed and cultured as
previously reported [21,22]. Cells were classified as MSC
based on their ability to differentiate into bone, fat and car-
tilage, and by flow cytometric analysis (positive for CD44,
CD29, CD73, HLA-ABC, CD90, and CD105, but negative
for CD14, CD34, CD45 and HLA-DR) responding to
defined criteria for MSC stated by the International Society
of Cell Therapy [30]. The final product was characterized
with respect to viability, purity and therapeutic potential.
Detailed methods for MSC isolation and expansion and
characterization are given in Data S1.

Immunophenotyping of peripheral blood lymphocytes

Blood mononuclear cells were stained with fluorochrome
conjugated monoclonal antibodies against CD3, CD4,
CD8, CD45RO, CD45RA, CD25 (clone MA251, which
binds to a CD25 epitope different from that recognized
by basiliximab), CD127 and FoxP3. Multicolour flow
cytometry was used to identify T-cell subsets with stan-
dard techniques and equipment (FACSAria – BD Biosci-
ence) [31].

Ex vivo functional immunological assays

Transplant patients were monitored before and every
6 months post-transplantation for alloimmune response
against donor and third-party antigens by cell-mediated
lympholysis [15].
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Histology and immunohistochemistry

Detailed methods for histological and immunohistochemi-
cal analysis are given in Data S1.

Statistical analyses

Variations in peripheral blood CD4+ and CD8+ T-cell
counts, percentage and counts of T-cell subpopulations
and CD8+ T-cell-mediated lysis from control kidney trans-
plant recipients not given MSC as well as variation in
peripheral T-cell counts and percentages between the two
control groups were assessed by ANOVA. The statistical sig-
nificance level was defined as P < 0.05.

Results

Clinical course
In patient 3, pretransplant infusion of MSC was uneventful.
After kidney transplantation, renal function rapidly
improved and normalized within 3 days (Fig. 1a). Thereaf-
ter, the graft function remained stable up to day 360 post-
transplantation. At this time point, a ‘protocol’ biopsy
showed no signs of acute rejection (Fig. 1b). The patient is
in good health with stable graft function at the last available
evaluation (day 540 post-Tx: serum creatinine 1.0 mg/dl;
proteinuria 0.14 g/24 h).

Patient 4 also received pretransplant MSC infusion with
no side effects. Renal function rapidly improved and nor-
malized on day 3 post-transplant (serum creatinine
1.3 mg/dl). From day 14 onwards, a rapid progressive
increase in serum creatinine was observed up to 2.3 mg/dl
(Fig. 1c). Renal ultrasound showed normal structure and
resistivity index (IR: 0.58). CsA trough levels were in the
therapeutic range. A moderate increase in temperature
(38 °C) was documented. Thoracic X-ray, viral blood tests
and urine culture were negative. On day 17 post-transplant,
a kidney biopsy was performed which showed moderate–
severe acute cellular rejection (Fig. 1d). Intravenous pulses
of methylprednisolone were started. After tapering, the cor-
ticosteroid was maintained at the daily dose of 8 mg. Renal
function progressively improved and serum creatinine
returned to normal value within 10 days (serum creatinine
1.3 mg/dl). At 12 months post-transplant, the patient was
in good health with stable graft function (serum creatinine
1.25 mg/dl; proteinuria 0.11 g/24 h).

In the control groups not receiving MSC, at 180 post-
transplantation serum creatinine levels were 1.58 ! 0.28
and 1.47 ! 0.40 mg/dl and proteinuria values were
0.27 ! 0.12 and 0.26 ! 0.16 g/24 h in patients given low-
dose RATG or the combination of Bas/low-dose RATG,
respectively. At 360 post-transplantation, serum creatinine
levels were 1.45 ! 0.31 and 1.54 ! 0.34 mg/dl and

proteinuria values were 0.26 ! 0.17 and 0.18 ! 0.19 g/
24 h, respectively. No acute rejection episodes occurred in
these control patients during the 1-year follow-up.

Histology and immunohistochemistry

The 1-year protocol biopsy from patient 3 showed very
mild signs of CsA chronic nephrotoxicity including inter-
stitial fibrosis, thickness of vessel wall as well as focal atro-
phic lesions of the tubular epithelium (Fig. 1b). Graft
infiltrating CD44/CD105-double positive cells, considered
as bona-fide MSC [15] were negligible (Fig. 1e). Early post-
transplant biopsy of patient 4 showed moderate-interstitial
fibroedema and severe lymphocyte infiltrate of perivascular
interstitium and tubular epithelium, consistent with acute
cellular rejection (Fig. 1d). Staining for C4d was negative.
Intragraft CD4+, CD8+ T cells and CD20+ B cells were
lower than in a control group of patients with acute cellular
rejection, but higher than in transplant recipients without
graft rejection (Fig. 1f). The number of granulocytes in the
graft was negligible and comparable to control graft biop-
sies with acute cellular rejection (Fig. 1f). MSC were negli-
gible in the graft of patient 4 (Fig. 1e).

Immunophenotyping of peripheral blood lymphocytes

In patients 3 and 4, and in control kidney transplant recipi-
ents, RATG induced profound CD4+ and CD8+ T-cell
depletion in the peripheral blood (Fig. 2).
In patient 3, percentage and counts of memory/effector

CD8+CD45RO+RA" T cells markedly decreased within day
7 post-transplant and remained lower than pretransplant
values thereafter (Fig. 3a and b). In patient 4, the percent-
age of CD8+CD45RO+RA" T cells was reduced at day 7
post-transplant as compared with pretransplant values,
remained stable thereafter up to day 180 with the exception
of a transient increase at day 14 and further decreased at
day 360 (Fig. 3a). CD8+CD45RO+RA" T-cell counts dur-
ing the whole post-transplant period were lower than pre-
transplant values (Fig. 3b). Conversely, in control patients
given induction therapy with low-dose RATG alone, per-
centages and counts of CD8+CD45RO+RA" T cells signifi-
cantly increased at days 180 and 360 post-transplant as
compared with pretransplant values (Fig. 3a and b). In
control patients given Bas/low-dose RATG, the percentages
and counts of CD8+CD45RO+RA" T cells up to day 360
post-transplant was comparable with pretransplant values
(Fig. 3a and b).
The percentage of CD4+CD25highFoxP3+CD127" regula-

tory T cells (Treg) was mildly reduced in patient 3,
remained unchanged in patient 4 till 180 days post-trans-
plant and decrease at day 360 as compared with pretrans-
plant value during the respective observation period
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Figure 1 Post-transplant course of graft function and histologic and immunohistochemic analysis of kidney graft biopsies from patients given pre-

transplant MSC infusion. (a) Profile of serum creatinine levels during the 1 year follow-up and (b) a representative image of Gomori’s trichrome stain-

ing on protocol kidney graft biopsy (original magnification 2009) of patient 3 are shown. (c) Profile of serum creatinine levels during the 6 months

follow-up and (d) a representative image of H&E staining on kidney graft biopsy taken at day 17 post-transplant (original magnification 2009) of

patient 4 are shown. Measured GFR was 62.5 ml/min/1.73 m2 at day 540 post-transplant in patient 3 and 51.06 ml/min/1.73 m2 at 6 months post-

transplant in patient 4. Panel (e) reports intragraft CD105 and CD44 double positive cell counts in patients 3 and 4 and in sections of normal renal tis-
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moderate, intense: 0–3) in at least 20–30 high power fields. MSC, mesenchymal stromal cells.
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(Fig. 3c). In both patients, Treg counts in the post-trans-
plant period were lower than pretransplant except a marked
increase in patient 4 at day 14 (Fig. 3d). In control patients
given low-dose RATG alone, the percentage of Tregs at
days 180 and 360 post-transplantation was comparable
with pre-transplant value (Fig. 3c), whereas Treg cell num-
bers were significantly reduced (Fig. 3d). In the additional
control group given Bas/low-dose RATG, a transient
decrease in the percentage and counts of Treg up to day 30
post-transplant was documented, with complete recovery
to pretransplant value thereafter (Fig. 3c and d). Thus, the
ratio of percentage of Treg/memory-effector CD8+ T cells
was higher in patient 3, but not in patient 4 given MSC
than in control recipients (Fig. 3e), whereas higher ratio of
cell number of Treg/memory-effector CD8+ T cells was
found in both patients (Fig. 3f).

Effect of current induction regimen without basiliximab
on FoxP3+ T-cell profile

We compared the peripheral blood profile of
CD4+CD25highFoxP3+CD127" Treg in patients 3 and 4
given MSC and the induction therapy that avoids basilix-
imab with that in our previous MSC-treated patients 1 and
2 who received both basiliximab and low-dose RATG as
induction regimen [15]. Patient 3 but not 4 showed an ini-
tial decline in CD4+CD25highFoxP3+CD127" Treg, less
marked then that found in patients 1 and 2 (Fig. 4a). How-
ever, in all patients the Treg count recovered to pretrans-
plant values between days 30 and 180 after transplantation
and remained unchanged thereafter.

As basiliximab has been shown to down-regulate the
expression of CD25 on Treg in vivo in renal transplant
patients [32], we also evaluated percentages of total FoxP3-
expressing CD4+ T cells in MSC-treated patients. Total

FoxP3 expressing CD4+ T cells underwent a significant
expansion during the first 30 days post-transplant in all
MSC patients but one (patient 1). At days 180 and 360, the
level of CD4+Foxp3+ Treg was similar among MSC-treated
and control patient group (Fig. 4b).

Ex vivo immunologic functional assay

In patient 3, the cytolytic function of CD8+ T cells was
completely abrogated in response to donor antigens and
reduced against third-party antigens (Fig. 5). In patient 4,
the CD8+ T-cell-mediated lympholysis against donor and
third-party cells was completely abrogated at day 180 post-
transplant. At day 360, the anti-donor CD8+ T-cell-medi-
ated lympholysis still remained undetectable whereas anti-
third party response recovered to pretransplant values. In
the patient given induction therapy with low-dose RATG
alone, the anti-donor and anti-third party cytolytic
response at days 180 and 360 post-transplant were similar
to pretransplant levels, with a marked increase in the anti-
third party response at day 180 (Fig. 5). In the control
group of patients given Bas/low-dose RATG, the CD8+ T-
cell cytolytic response toward donor antigens was tran-
siently reduced at day 180 post-transplant as compared to
pretransplant values and did not significantly change in
response to third-party antigens (Fig. 5).

Discussion

The main purposes of the study were to: (i) establish
whether DAY-1 pretransplant infusion of autologous bone
marrow-derived MSC as compared to our previous proto-
col of MSC treatment at day 7 post-transplant in the con-
text of kidney transplantation protects from cell-induced
impairment of graft function and (ii) evaluate the effect on
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circulating Treg of the induction regimen without basilix-
imab as compared with our previous induction therapy
including this anti-CD25 antibody in MSC-treated
patients.

Pre-transplant MSC infusion protects from post-
transplant cell-induced graft dysfunction

None of the two patients developed cell-mediated impair-
ment of graft function after pretransplant MSC infusion. In
the first patient (3) the cell treatment was uneventful and
graft function remained normal during the 1 year follow-up

post-transplantation. These findings translated to clinics a
recent observation in a murine model of kidney transplanta-
tion that the time of MSC infusion in respect to the allograft
dictates the possibility to develop early graft dysfunction as a
consequence of preferential intragraft localization of infused
cells [8]. Thus, in mice given MSC the day before kidney
transplantation, the cells mainly localized into the spleen.
None of the animals developed kidney graft dysfunction. At
variance, post-transplant MSC infusion resulted in preferen-
tial homing of cells into the grafts, associated with graft dys-
function. This observation is consistent with previously
published data of preferential MSC homing to the site of
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tissue damage in experimental models of stroked brains
[33], tumours [34], ischemic myocardium [35], and acute
renal failure [36]. Experimental evidence in rodent models
of acute renal injury has shown increased production in the
kidney of hyaluronic acid (HA), the ligand for CD44 mole-
cule expressed on MSC cell surface [36,37]. Therefore, we
would like to suggest that in patients 3 and 4, the infusion of
MSC pretransplantation in an environment not yet hosting
a kidney graft with subclinical inflammatory tissue injury, as
it occurs few days post-surgery, might lead to preferential
cell recruitment into lymphoid organs, because of lack of the
intragraft HA chemotactic signal.

The second patient (4), given MSC the day before kidney
transplantation, had acute renal dysfunction 14–17 days
postsurgery, and the graft biopsy showed evidence of acute
cellular rejection. Higher HLA haplotype mismatches in
patient 4 than in 3 can possibly explain the occurrence of
rejection in the former. Although based on findings in a
single MSC-treated patient, there is also the possibility that
autologous MSC may have low capacity to control host
immune response in the context of high alloreactive envi-
ronment. Of note, recent evidence in a large-cohort of liv-
ing-related kidney transplants has shown that the use of
autologous MSC alone compared with anti-IL-2-receptor
antibody induction therapy resulted in lower incidence of
acute rejection at 6 month post-transplant [17]. Similarly
to our patient 3, but at variance to patient 4, in this large-
cohort of transplant recipients given MSC alone, HLA mis-
matching was on average lower than 3 [17]. Thus, with
high HLA haplotype mismatches, adequate induction ther-
apy including basiliximab could be of value to help the
development of immunomodulatory function of MSC in
the early post-transplant period, limiting the risk of acute
graft rejection.

Impact on Treg profile of basiliximab-free induction
therapy

The a-chain of the IL-2 receptor, known as CD25, is not
solely expressed on activated/effector T cells, but also on
Treg constitutively expressing the CD4+CD25high pheno-
type [38]. Specific cell markers for Tregs also include the
transcription factor forkhead-box-P3 (FoxP3) [39] and
more recently the down-regulation of the IL-7 receptor
(CD127) [39–41]. Thus, the question was raised whether
avoiding the anti-CD25 antibody basiliximab in the current
induction regimen would better favour the emergence of
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Treg in the circulation after cell-therapy than with induc-
tion therapy including basiliximab as we adopted in our
previous two MSC-treated kidney transplant patients [15].
Here we found no major difference in the profile of circulat-
ing CD4+CD25highFoxP3+CD127" or CD4+FoxP3+ T cells
in the present two patients given pretransplant MSC under
the induction therapy that avoids basiliximab compared to
the previous two patients receiving post-transplant MSC in
the setting of combined basiliximab/low-RATG induction
regimen [15]. This is in line with recent observation in liver
transplant recipients that in vivo CD25 blockade with basil-
iximab did not lead to Treg changes as the proportion of
FoxP3+ cells among CD4+ T cells and the level of FoxP3
expression were unaffected [42]. Moreover, others have
shown in vitro that in the presence of basiliximab,
CD4+CD25highFoxP3+ cells were reduced because of the
down-regulation of CD25 expression but the suppressive
function of CD4+CD25"FoxP3+ T cells was maintained
[43]. Together these findings indicate that CD25 molecule is
not essential for in vivo maintenance of human Treg in the
peripheral blood, and that basiliximab is unlikely to nega-
tively influence strategies involving Treg to promote toler-
ance after organ transplantation as the MSC-based therapy.

In this study, we also wanted to gain insight into the
in vivo effect of pretransplant MSC infusion on T-cell sub-
sets and function after peritransplant T-cell depletion with

low-dose RATG induction therapy that avoids basiliximab.
We found that in both patient 3 and (albeit less markedly)
in patient 4, but not in transplant recipients given low-
RATG alone or combined with basiliximab and not MSC,
the percentage of memory/effector CD8+ T cells within the
overall CD8+ T-cell population in peripheral blood
decreased post-transplantation. At the 1 year follow-up of
the two patients, memory/effector CD8+ T cells remained
lower than pretransplant values. These findings are remi-
niscent of changes in memory/effector CD8+ T-cell profile
in the initial two kidney transplant recipients given MSC at
day 7 post-transplantation in the context of step 1 protocol
[15]. The expansion of memory T cells that escape deletion
after lymphoablation represents a major barrier to trans-
plant tolerance [44]. With the limitation of few patients
studied, overall our findings indicate that, at variance with
current T-cell depleting induction therapy with RATG or
Alemtuzumab, autologous MSC enable to control memory/
effector CD8+ T-cell proliferation long-lasting indepen-
dently of whether a pre- or post-transplant cell infusion
protocol is adopted. The mechanism(s) responsible for the
MSC-mediated suppression of memory CD8+ T-cell prolif-
eration remains ill defined. A possible role of MSC-
produced TGF-b [45,46], which antagonizes the effect of
IL-15 – a cytokine relevant to memory CD8+ T-cell expan-
sion [47] – is proposed.
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Figure 6 Clinical protocol of MSC-treated kidney transplant recipients implemented at our centre. The clinical MSC-based protocol on living-related

kidney transplant recipients was conceived as a tailored-made step-wise gain of knowledge every two patients to eventually identify a definite proto-

col that allows to create favourable conditions for tolerance avoiding unwanted effects. Here are depicted the initial protocol (a) of post-transplant

MSC infusion in patients 1 and 2 with induction therapy of basiliximab and low-RATG, the protocol (b) adopted thereafter in patient CM and DA of

pretransplant MSC infusion with induction therapy of low-RATG alone. The study protocols are shown with major clinical and immunologic outcomes.

The next up-dated protocol (c) to be tested in additional two patients is also reported. Bas, basiliximab.
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Evidence from experimental models of solid organ trans-
plantation suggests that the mechanisms of MSC-induced
tolerance also include Tregs [4,6,8,9]. Here we found that
the number of CD4+CD25highFoxp3+CD127" Treg in the
peripheral blood of MSC-treated patients slowly expanded
after a marked reduction because of the depleting action of
the induction therapy, although the effect was only margin-
ally higher than in control groups. Given the inconsistent
effect on Treg count in the two patients receiving MSC,
and the very small difference in the Treg profile as com-
pared to controls, we advice caution to conclude for a
robust impact of MSC treatment on Treg expansion, at
least in peripheral blood of kidney transplant recipients.
Nevertheless, MSC therapy did result in a clear increase in
the ratio of Treg/memory CD8+ T-cell count, suggesting a
unique skewing toward regulation of host immune
response. Indeed, as previously documented in patients
undergoing post-transplant MSC infusion [15], the change
in the memory/effector CD8+ T-cell profile was associated
with a profound and persistent reduction in donor-specific
CD8+ T-cell cytolytic activity. These effects were not seen
in kidney transplant recipients given low-RATG alone or
combined with basiliximab induction therapy without
MSC. Thus, MSC may have an additional effect beyond
classical immunosuppressants of promoting inhibition of
memory CD8+ T-cell function that persists with time.

We acknowledge the many limitations of this prelimin-
ary work in few patients, that however has helped to get
more insights on some of the open questions dealing with
therapeutic administration of MSC on kidney transplant
patients. Our findings also highlights that the time is prob-
ably not yet ripe for large clinical trials with MSC on organ
transplantation.

In summary, in the second step of the multi-step clinical
protocol under consideration here we documented that: (i)
pretransplant (DAY-1) infusion of MSC provides a safety
advantage over the protocol of post-transplant (day 7) cell
administration, in that no longer associates with cell-
induced impaired graft function, while maintains MSC
immunomodulatory properties; (ii) induction therapy
without basiliximab does not further expand CD4+FoxP3+

Treg pool as compared to the induction therapy with basil-
iximab, while exposing patients to the possibility of acute
rejection early post-transplant [48]. Therefore, as further
implementation of knowledge, we plan as next step a clini-
cal protocol of pretransplant infusion of autologous bone
marrow-derived MSC with basiliximab/low-RATG exactly
as in step 1 (Fig. 6) where no patients had acute rejection.
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Immunomodulatory effects of mesenchymal stromal cells in solid
organ transplantation
Federica Casiraghi, Marina Noris and Giuseppe Remuzzi

Introduction
Mesenchymal stem cells (MSCs) were discovered about
40 years ago as an adherent, fibroblast-like population in
the adult bone marrow capable of regenerating rudiments
of bone in vitro [1] and differentiating into other cells of
mesenchymal lineage such as fat and cartilage [2].
Despite extensive research, no single specific cell surface
marker for MSC direct isolation from the bone marrow
cell suspension has been identified and, so far, MSCs
have been selected indirectly by plastic adherence in
vitro. Although MSCs in culture appear as a homo-
geneous population, they probably constitute a hetero-
geneous group of progenitor cells, which do not fulfill
strict criteria for a stem-cell entity at a single cell level
(self-renewal and multilineage differentiation capacity).
As such these cells have recently been reclassified as
multipotent mesenchymal stromal cells (with the same
acronym MSCs) by the International Society for Cellular
Therapy [3], which also provided the minimum criteria
for defining human MSCs: plastic adherence under stan-
dard culture conditions; expression of CD105, CD73, and
CD90 and absent expression of CD45, CD34, CD14 or

CD11b, CD79a or CD19, and human leukocyte antigen-
DR (HLA-DR); and differentiation into osteoblasts, adi-
pocytes, and chondroblasts in vitro.

MSCs with similar phenotype and differentiation poten-
tial as bone marrow-derived MSCs have been also ident-
ified in other human adult tissues, including adipose
tissue, and in fetal tissues such as lung, liver, and spleen
[4–7]. Rich sources of MSCs are also amniotic fluid,
placenta, umbilical cord blood, and wall [8–13].

The MSC capacity of extensive expansion with stable
phenotype and function over many passages in vitro, their
ability to differentiate into multiple different cell
lineages, and to produce growth factors that facilitate
repair of damaged tissue have stimulated research into
their use for tissue regeneration.

MSCs can also strongly inhibit T-cell proliferation in vitro
and in vivo and exert similar inhibitory effects on B cells,
dendritic cells, natural killer (NK) cells, and on cells of
innate immunity. These immunoregulatory properties
have highlighted the potential for clinical translation of
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Purpose of review
Multipotent mesenchymal stromal cells (MSCs) possess powerful immunomodulatory
activity highlighting the potential for their clinical translation in solid organ
transplantation. In this review, we summarize recent advances in understanding MSC
immunomodulatory effect in vitro and in experimental transplant models and discuss
topics of crucial importance for the future clinical use of MSCs as immunotherapy in
solid organ transplantation.
Recent findings
MSCs strongly inhibited T-cell activity in vitro and exerted similar inhibitory effects on
other cells of the immune system. MSC-mediated immune suppression has been
attributed mainly to the secretion of soluble factors; however, cell-contact mechanisms
cannot be excluded. Available studies in animal transplant models raised variable
results, but overall indicate that MSCs could be useful to modulate recipient immune
cells. The timing of cell application and the origin of MSCs (autologous or allogeneic)
seem to be the most crucial factors impacting the in-vivo efficacy of MSCs.
Summary
A better understanding of the mechanisms underlying the immunomodulatory effects of
MSCs in vitro and in vivo is needed to define the optimal condition for the use of MSCs
as immunotherapy in solid organ transplantation.
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these cells to treat inflammatory and immune diseases as
well as to prevent allograft rejection in solid organ trans-
plantation. Here wewill review recent advances in under-
standing the immunomodulatory effect of MSCs with
focus on mechanisms and strategies that could be
exploited in solid organ transplantation.

Immunomodulatory properties of
mesenchymal stromal cells in vitro
MSCs have been considered as naturally immune privi-
leged cells due to low expression of major histocompat-
ibility complex (MHC) molecules in unstimulated con-
ditions and absence of costimulatory molecules [3,14–
17]. As such, MSCs did not stimulate allogeneic T-cell
response [14,16] and induced T-cell anergy [18–20].
However, more recent studies suggested that MSCs
are not intrinsically immune privileged. In a narrow
window of interferon-g (IFN-g) concentration, MSCs
express MHC molecules and can present both MHC
class II [20–22] and class I-restricted antigens [23,24].
When infused into immunocompetent allogeneic mice,
MSCs elicited both primary and memory T-cell
responses [25,26,27!].

On the other hand, accumulating evidence is available that
MSCs possess potent immunomodulatory effects when
cocultured with T cells. Human [14–16,20,28,29], baboon
[30], rat [31], andmurine [32,33]MSCshavebeen shown to
prevent T-cell response to cellular and to nonspecific
mitogenic stimuli [15,16,28,34,35], targeting both naive
and memory CD4" and CD8" T cells [15,36–38]. MSC-
inducedT-cell suppression inMLRoccurs independently
of MHC matching with either stimulatory antigen-pre-
senting cells (APCs) or responder lymphocytes
[16,28,30,32]. However, the effect of MSCs on T-cell
function is dose-dependent. At low MSC/T-cell ratios,
MSCs enhanced proliferation of T cells, whereas at high
ratios, they exerted powerful inhibitory effects [39].

The mechanism(s) of MSC-mediated T-cell suppression
remains ill defined; soluble factors [15,34,40,41] as well as
cell-contact-dependent pathways have been suggested
[33,37,40,42,43]. Hepatocyte growth factor (HGF) [15],
transforming growth factor-b (TGF-b) [15,44], interleu-
kin-10 (IL-10) [44], prostaglandin-E2 (PGE2) [28,34],
indoleamine 2,3-dioxygenase (IDO)-mediated trypto-
phan deletion [40], nitric oxide [41,45,46], HLA-G5, a
soluble form of nonclassical HLA class I [47,48], and
galectin-3 [49] have been reported to mediate MSC-
induced immunosuppression. Failure to identify key
soluble factor(s) may reflect different experimental set-
tings and cell sources employed [50!]. Immunosuppres-
sion by human-derived or monkey-derived MSCs is
mediated by IDO, whereas under the same culture
conditions, mouse MSCs utilize nitric oxide, indicating

that mechanisms of MSC-mediated immunosuppression
vary among species [50!].

In addition to soluble factors, the engagement of the
inhibitory molecule programmed death-1 (PD-1) to its
ligands PD-L1 and PD-L2 has been demonstrated to
inhibit T-cell proliferation via direct contact of MSCs
with target cells [33].

It has also been documented that MSCs induce changes
in T-cell phenotype and promote the emergence of
regulatory T cells (Tregs). Human MSCs generated
CD4"CD25highFoxP3"Tregs when cultured with human
peripheral blood mononuclear cells (PBMCs) [34,51], a
mechanism partially mediated by the interaction of MSC-
derived C–C chemokine-ligand-1 (CCL1) with its recep-
tor on T cells C–C chemokine-receptor-8 (CCR8) [20].
Others have shown that MSC-induced Treg generation
requires cell-contact, PGE2 and TGF-b-1 [52!] or HLA-
G5 released by MSCs in culture [48].

Recent observations support the hypothesis that an
appropriate inflammatory environment licenses MSCs
to exert their immunosuppressive actions. Thus, MSCs
inhibited the proliferation of T cells activated by high
concentration of mitogens and proinflammatory cyto-
kines, whereas MSCs failed to suppress T cells pre-
exposed to low concentration of mitogens or to anti-
inflammatory cytokines like IL-10 [53]. Proinflammatory
cytokines, in particular IFN-g, lead to upregulated
expression of IDO [35,54,55], B7-H1 [56], cyclooxygen-
ase-2 (COX-2) [54,55], and inducible nitric oxide
synthase (iNOS) [45,57] and increased secretion of
HGF and TGF-b and chemokines [54], triggering
MSC immunosuppressive function. In-vivo studies on
knockout mice also demonstrated that IFN-g and iNOS
are required for the immunomodulatory effects of MSCs
to prevent delayed-type hypersensitivity and graft-ver-
sus-host disease (GVHD) [45]. Moreover, in an inflam-
matory milieu, MSCs and T cells upregulate adhesion
molecules [58,59] that enable their physical interaction
and keep activated T cells in close proximity to MSCs,
thus potentiating the inhibitory effect [60].

MSCs have multiple targets in the immune system.
They control the differentiation and maturation of both
monocyte-derived and CD34"-derived dendritic cells
[61–64] promoting the release of anti-inflammatory cyto-
kines [61], a process partially mediated by the Notch
pathway [64]. MSCs can also influence mature dendritic
cells [65], converting them into a regulatory dendritic
cell population capable of inhibiting lymphocyte pro-
liferation via Jagged 2-dependent mechanisms [66!] and
of generating alloantigen-specific Tregs [67]. MSCs also
inhibit B-cell proliferation, differentiation to plasma
cells, and antibody production in vitro [68–70], although
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recently other studies have challenged these obser-
vations [71,72]. MSCs suppress IL-2 and IL-15-driven
NK-cell proliferation and IFN-g production [34,73–75].
On the other hand, MSCs secrete soluble factors such as
monocyte chemoattractant protein-1, macrophage-
inflammatory protein, IFN-inducible protein 10, and
IL-8, all of which may attract other immune cells such
as monocytes, macrophages, and neutrophils [42,76,77].
However, the relevance of MSC production of these
factors to the function of monocytes, macrophages,
and neutrophils in an inflammatory environment is
unknown.

In summary, current data suggest a complex interaction
of MSCs with immune cells and no one mechanism can
be identified as being solely responsible for MSC-
induced immunomodulation. Even though results
obtained in simplified in-vitro setting are not directly
transferable to actual physiologic or pathologic conditions
in vivo, a better understanding of the mechanisms under-
lying the immunomodulatory effects of MSC in vitromay
help in defining the optimal conditions for their use in
vivo as immunotherapeutics.

Mesenchymal stromal cells in solid organ
transplantation
The immunomodulatory potential of MSCs in solid
organ transplantation was first shown in a model of skin
graft in nonhuman primates [30]. A single peritransplant
infusion of donor MSCs significantly prolonged the
survival of either donor-specific or third-party skin allo-
graft from 7 to 14 days, an effect comparable with that
achieved in the same model by potent immunosuppres-
sants used in clinics in solid organ transplantation [30].
Thereafter, the in-vivo effect of MSC was tested mainly
in models of heart transplantation in rodents. Either
donor-derived or recipient-derived MSCs failed to pro-
long the survival of a fully allogeneic Lewis heart graft in
untreated ACI rat recipients when infused at the time of
transplantation. In the same setting, when MSCs were
applied together with low-dose cyclosporine A (CsA),
graft rejection was even accelerated [31]. In the same rat
transplant model also pretransplant (at day 4) infusion of
donor MSCs resulted in accelerated graft rejection.
However, the association with a short course of low-dose
mycophenolate mofetil (MMF) was capable of inducing
long-term allograft acceptance [78]. In this study, donor-
derived MSCs were more effective for tolerance induc-
tion than recipient-derived MSCs, whereas third-party
MSCswere ineffective [78].MSC-induced tolerancewas
mediated, at least partially, by the expression of IDO and
by the emergence of tolerogenic dendritic cells [78]. At
variance, in a model of fully MHC-mismatched Wistar
cardiac graft in Fisher 344 rat recipients, repeated infu-
sions of donor-derived MSCs before and after heart

transplantation significantly delayed graft rejection from
6 to 12 days without concomitant administration of
immunosuppressive drugs [79]. Similarly, others have
documented in a transplant model of LEW.1A rat reci-
pients of a MHC-mismatched LEW.1W heart that the
double infusion of high doses of donor-derived MSCs (7
days before and at the time of transplant) significantly
prolonged allograft survival, an effect mediated by heme
oxygenase-1 [46]. In a C57BL/6 to BALB/c murine heart
allograft model, the intravenous infusion of donor MSCs
24 h after heart transplantation significantly abated rejec-
tion and doubled graft survival. Combination therapy of
donor MSCs with low-dose rapamycin achieved donor-
specific tolerance. Long-term surviving recipients exhib-
ited high frequency of tolerogenic dendritic cells and
CD4"CD25"FoxP3"Tregs [80!]. The same tolerogenic
properties of donor MSCs were shared by syngeneic and
third-party MSCs [80!]. In our model of semi-allogeneic
heart transplant inmice (B6C3F1 heart in B6 recipients),
we found that pretransplant infusions of donor-derived
MSCs in unconditioned mice significantly prolonged
graft survival with 30% of MSC-treated animals experi-
encing indefinite graft survival. The same tolerogenic
potential was shared by recipient-derived MSCs when
given pretransplant. In contrast, recipient-derived MSC
infusion given peritransplant was less effective and infu-
sion 1 day after transplantation did not prolong heart
allograft survival at any extent [81]. The tolerogenic
effect of both donor-derived and recipient-derived
MSCs was mediated by the generation of donor-specific
Tregs. Indeed, adoptive transfer of splenocytes from
tolerant mice prevented the rejection of fully MHC-
mismatched donor-specific secondary allografts but not
of third-party grafts [81].

Recently, MSCs were also tested in models of liver and
islet transplantation. Rats given repeated doses of MSCs
after liver transplantation survived longer that those
without MSCs. These effects occurred regardless of
whether the MSCs were autologous, donor or third-
party-derived and were associated with expansion of
CD4"CD25"FoxP3" Tregs [82]. Similarly, in a model
of allogeneic pancreatic islet transplantation in strepto-
zotocin-treated immunodeficientmice reconstituted with
effector CD4"T cells, administration of syngeneic MSCs
prevented graft rejection and led to long-term normogly-
cemia. [83]. The efficacy ofMSC treatment was related to
local production of immunosuppressive matrix metallo-
proteinase-2 and metalloproteinase-9 [83].

Thus, these early results provide the evidence that MSCs
could be effective immunomodulators in solid organ
transplantation, but further studies on animal models
are required to establish the best dosing and time of
MSC administration in respect to transplantation for
more consistent results.
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Interaction with immunosuppressive drugs
To the clinical perspective of MSC-based cell therapy
in organ transplantation, it would be relevant to know
whether immunosuppressive agents currently used in
the transplantation settings may negatively affect MSC-
induced immunomodulation. This has been mainly
assessed in in-vitro studies. Evidence is available that
at low ratios of MSC/responder T cells in MLR, the
inhibitory effect of human MSCs was potentiated in the
presence of CsA, tacrolimus, rapamycin, mycophenolic
acid (MPA), or dexamethasone. At high MSC/responder
cell ratio (1:5), calcineurin inhibitors and rapamycin
antagonized the inhibitory effect of MSCs, whereas
MPA promoted it and dexamethasone had no effect
[84]. However, other in-vitro MLR studies using phy-
tohemagglutinin (PHA)-activated lymphocytes [85] or
activated alloantigen-specific cytotoxic lymphocytes as
responders [86] documented a synergistic immunosup-
pressive effect of calcineurin inhibitors and MSCs. On
the other hand, human heart tissue-derived MSCs
antagonized the immunosuppressive properties of
tacrolimus and rapamycin on alloactivated PBMCs in
vitro, whereas MSCs and MPA exerted cumulative
inhibitory effects [87!]. These in-vitro findings have
not been consistently translated into in-vivo exper-
iments. At variance with the in-vitro antagonism on
MSC-induced immunosuppression, in-vivo rapamycin
exerted a synergistic effect with MSCs in promoting
long-term cardiac graft survival [80!]. Additionally, CsA
antagonized the MSC-mediated immunomodulation in
kidney transplant model in rodents [88]. This obser-
vation is, however, challenged by the findings that in
the setting of experimental and human bone marrow
transplantation, MSCs showed their immunomodula-
tory activity also in the presence of immunosuppressive
regimens, including CsA [89–92]. Taken together, this
evidence highlights the need to choose a proper immu-
nosuppressive drug combination for future clinical trial
to support but not surpass the immunomodulatory
effect of MSCs in organ transplantation (ClinicalTrials.-
gov, NCT00752479).

Conclusion
The potential of MSC-based therapy in solid organ
transplantation is certainly relevant, but further mechan-
istic experimental studies are urgently needed to define
the optimal conditions and setting for achieving consist-
ent clinical results. Several issues should be clarified. The
timing of MSC application and the source of these cells
are crucial factors affecting the in-vivo immunomodula-
tory activities of MSCs in solid organ transplantation.
MSCs are more effective when given before or during
transplant procedure [78,81], indicating that both the
migration pattern of MSC and/or the degree of T-cell
activation at the time of MSC infusion could influence

their in-vivo effect. MSCs have to interact with immune
cells in lymphoid tissues to promote immunomodulation
[19,93]. Due to their peculiar tropism for injured tissues
[94], it is anticipated that when given after transplan-
tation, MSCs could be eventually recruited into the graft,
preventing them to reach lymphoid organs. The better
efficacy of MSCs in inducing long-term graft survival
when given together with low-dose immunosuppressive
drugs suggests that MSCs alone could not be sufficient to
control the intense stimulation of recipient T cells by
alloantigens [78,80!]. Because it is unlikely that MSCs
would be exploited in clinical transplantation as stand-
alone therapy, the efforts of future research should be
focused to identify the ideal immunosuppressive drug
regimen that in vivo synergizes or, at least, does not
antagonize the immunomodulatory properties of MSCs.

Recipient-derived and donor-derivedMSCs have shown
better immunomodulatory therapeutic potential
[46,78,79,80!,82] than third-partyMSCs in experimental
organ transplantation. Donor-derived MSCs, however,
could be quickly cleared from the recipient because of
the host allogeneic response, causing recipient sensitiz-
ation [25,26,27!]. Even syngeneic MSCs rapidly disap-
pear few days after infusion and do not permanently
engraft in recipient lymphoid organs [80!], suggesting
that MSCs cannot be able to lastingly alter the immune
response in vivo, but they should activate regulatory
pathways early after transplantation [78,80!,81,82,
95,96], which in turn sustain immunoregulation in the
long-term.

Nevertheless, these events could be also function of the
number of MSCs applied peritransplantation. However,
not much is conclusively known about the ideal cell dose.
Animal data on solid organ transplantation have been
obtained with doses of MSCs of 2–10million/kg, corre-
sponding to the maximum intravenous dose, which did
not cause fatal lung embolism. In human setting, a recent
clinical trial on GVHD showed that doses ranging from
0.5 to 9 million cells/kg did not lead to adverse side
effects and, interestingly, the immunomodulatory effects
appeared to be independent of the dose [92]. Alongside
the effects of MSCs on host immune response, possible
side effects after MSC injection must be assessed with
the greatest priority, an issue only marginally addressed
so far [97!!].

MSCs are currently evaluated in clinical phase I and II
studies for GVHD and inflammatory diseases and their
introduction into solid organ transplantation is still
eagerly awaited. Many questions regarding the clinical
use of MSCs remain to be answered, including those
related to their potential toxicity. Thus, monitoring of
patients must be extensive and trials performed solely
with well characterized cell population.
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 CURRENTOPINION Mesenchymal stromal cells to promote solid organ
transplantation tolerance

Federica Casiraghi, Norberto Perico, and Giuseppe Remuzzi

Purpose of review
Mesenchymal stromal cells (MSCs) possess unique immunomodulatory features. MSCs dampen effector
T-cell response while promoting the emergence of regulatory T cells. By skewing this balance, MSC
could represent the ideal strategy for tolerance induction in organ transplantation. Here we review
recent evidence on the efficacy of MSC-based therapy in experimental models of solid organ
transplantation as well as the early clinical experiences in kidney transplantation.

Recent findings
MSC infusion in experimental models of solid organ transplantation resulted in a Treg-mediated tolerance.
MSC also synergized with low-dose or transient pharmacological immunosuppression in inducing long-term
graft survival indicating that these cells could allow safe minimization of maintenance drug therapy.
Early results from clinical studies in kidney transplant recipients reported encouraging results on the
immunoregulatory effect of MSC, although posttransplant MSC infusion could associate with acute graft
dysfunction (engraftment syndrome).

Summary
Immunoregulatory functions of MSC are not fixed but rather the result of microenvironment they encounter
in vivo. Further studies are needed to establish how and wherein these cells have to be administered and
how they may function to safely modulate host immune response in vivo in clinical transplant setting.

Keywords
effector T cells, kidney transplantation, mesenchymal stromal cells, regulatory T cells, solid organ transplantation

INTRODUCTION
Since the first successful renal transplantation in
Boston in 1954 [1], organ transplantation has made
dramatic strides, evolving from an experimental
procedure to standard of care in the treatment of
patients with end-stage organ disease. Although
powerful immunosuppressive drugs are undoubt-
edly the cornerstone of transplant success by
preventing acute cellular rejection [2], they affect
the function of all responding T cells irrespective
of their antigen-specificity, rendering transplant
recipients susceptible to life-threatening infections
and malignancy [3,4]. In addition, life-long use
of broad-spectrum pharmacological immuno-
suppression is associatedwith unwanted side effects,
including accelerated cardiovascular disease, meta-
bolic complications and with a direct toxic effect to
transplanted tissues [3,4], eventually contributing
to long-term graft loss, a common event in renal
transplantation. Ideally, the induction of donor-
specific tolerance would overcome these shortcom-
ings, possibly allowing indefinite graft survival [5].

The immune system has evolved multiple mech-
anisms for controlling the effector adaptive immune
response [6]. Transplantation of a major histocom-
patibility complex-incompatible graft triggers the
activation of graft destructive effector T cells as well
as protective regulatory T cells (Tregs); it is the balance
of such opposing subsets that ultimately determines
the fate of the allotransplant [5]. The most exten-
sively studied populations of Tregs are the so-called
naturally occurring CD4!CD25! Foxp3! Treg that
develop in the thymus [7,8] and the adaptive Tregs
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that are induced in the periphery in response to anti-
gen stimulation under tolerogenic conditions [9].
Together, Tregs maintain tolerance to self-antigens
and control excessive immune response to foreign
antigens and may contribute to the induction and
maintenance of tolerance to allografts [10,11].

Bone marrow-derived multipotent mesenchymal
stromal cells (MSC) have emerged as a promising
cell population for immunomodulatory therapy
in transplantation given their unique immuno-
regulatory properties on both the adaptive [12]
and innate [13&&] immune cells. MSC are capable
of suppressing T effector cells [14] including mem-
ory T cells [15,16], skewing T cells toward Foxp3!

Tregs with concurrent suppression of Th1, Th2
or Th17 responses [14]. The findings that MSC
target effector/memory T cells and promote the
development of Tregs have led to propose MSC as
a novel, potentially suitable cell-based approach for
tolerance induction in organ transplantation.

Here, we have reviewed recent evidence on
the capability of MSC to skew the balance between
T effector cells and Tregs as well as the safety and
efficacy of MSC-based therapy in experimental
models of solid organ transplantation and in early
clinical experience.

MESENCHYMAL STROMAL CELLS AND
REGULATORY T CELL GENERATION
MSC are a heterogeneous population of adult,
fibroblast-like multipotent cells characterized by

their ability to differentiate into tissues of meso-
dermal lineages, including adipocytes, chondro-
cytes and osteocytes [17]. First identified and
isolated from the bone marrow as plastic adherent
cells [18], MSC are now isolated from a number
of other sources including umbilical cord blood,
adipose tissue and muscle [19,20]. The isolation of
MSC by in-vitro expansion of plastic-adherent cells
yields a heterogeneous cell population evidenced by
the different morphology and functional potential.
In order to create a consensus and more uniformly
characterize these cells the International Society
of Cellular Therapy proposed a standard set to
define the identity of MSC [21]: adherence to plastic
surfaces; potential to differentiate into osteocytes,
adipocytes and chondrocytes under standard in-
vitro differentiating conditions; and expression of
CD105, CD73 andCD90 andmust lack expression of
CD45, CD34, CD14, CD11b, CD79a and HLA-DR.

Several in-vitro and in-vivo studies have docu-
mented the remarkable ability of MSC to polarize
T cells toward a regulatory phenotype. In-vitro
coincubation of human MSC with peripheral blood
mononuclear cells or with purified CD4! T cells
induced the differentiation of CD4! T cells into
Foxp3-expressing Tregs [22–25], a process involving
direct MSC contact with T cells followed by
prostaglandin E2 and transforming growth factor
b-1 (TGFb-1) expression [22,24]. Expanded Tregs
potently suppressed the alloantigen-specific prolif-
erative response in mixed-lymphocyte reaction
(MLR) assay [23,24]. MSC induced a Treg phenotype
(CD25brightFoxp3!CD127low) both in naive CD3!

CD45RA! and in memory CD3!CD45RO! T cells
[26]. Other potential mechanisms of MSC-induced
Treg generation include the release of soluble
HLA-G5, a nonclassical HLA class I molecule [27]
or of microvescicles [28]. MSC are also able to
reprogram fully differentiated Th17 cells into
Foxp3-expressing Tregs [29]. However, both the
activation state of CD4! T cells and the cytokine
milieu that MSC encounter dictate the ultimate cell
outcome. Whereas the early addition of MSC to
T cells cultured under Th1 and Th17 polarizing
conditions exerted an extensive suppressive effect
on all CD4! T-cell lineages, MSC added to already
differentiated Th1/Th17 cells decreased IFNg pro-
duction by Th1 cells, but paradoxically increased
proinflammatory interleukin 17 (IL-17) [30&]. More-
over, MSC cultured in the presence of inflammatory
cytokines secreted significant levels of IL-6, which,
in addition to a spontaneous production of TGFb
supported retinoic acid-related orphan receptor
gt expression and development of Th17 [31&].

By exerting inhibitory effects on antigen pre-
senting cells (APC), MSC can generate regulatory

KEY POINTS

" MSC possess the ability to skew the balance between
effector T cells and regulatory T cells toward emergence
of Tregs. This unique feature proposed MSC as the ideal
tolerance-inducing tool in organ transplantation.

" Depending on the experimental settings, MSC induced a
Treg-dependent tolerance when infused alone or when
given together with low-dose transient immunosuppressive
drugs in animals undergoing tissue or solid organ
transplantation. However, immunoregulatory functions of
MSC are not fixed but rather the result of
microenvironment they encounter in vivo. Results from
early clinical studies are now coming out.

" There remain many open questions both on the risk and
the real benefit of these cells. Further studies are
needed to establish how and where these cells have to
be administered and how they may function to safely
modulate host immune response in vivo in clinical
transplant setting. Tailor made step-wise clinical
approaches are recommended before embarking in
large clinical trails.
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APC with own Treg promoting activity. Dendritic
cells cultured in the presence of MSC or conditioned
medium expressed lower level of costimulatory
molecules, hardly stimulated T-cell proliferation
and efficiently generated Tregs through the release
of TGFb [32,33]. Tregs could also be expanded
by macrophages polarized by MSC toward the M2
anti-inflammatory phenotype [34&]. In the in-vitro
setting of anti-CD3/anti-CD28 antibody T-cell
stimulation, MSC promoted the differentiation
of the monocyte fraction of peripheral blood mono-
nuclear cells into IL-10- secreting M2 immuno-
suppressive macrophages via the induction
of indoleamine 2,3-dioxygenase expression [35&].
These macrophages were in turn implicated in the
generation of Tregs [35&].

The role of macrophages in MSC-induced
Tregs has been recently confirmed in vivo in mouse
models of fibrillin-mutated systemic sclerosis and
experimental colitis [36&&]. Indeed, systemic infu-
sion of either syngeneic or allogeneic murine bone
marrow MSC in these mice-induced transient T-cell
apoptosis via the FasL–Fas pathway, which triggered
macrophages to produce high levels of TGFb in
the peripheral blood, eventually enhancing CD4!

CD25!Foxp3! Treg generation. This effect trans-
lated into the amelioration of the disease pheno-
types [36&&].

The polarization of T cells toward a Treg pheno-
type with a concomitant decrease in Th1/Th17
development has been also shown to be associated
with MSC immunomodulatory effect in other
experimental models of autoimmune and inflam-
matory diseases such as systemic lupus erythemato-
sus [37], collagen-induced arthritis [38–40], diabetes
[41–44], colitis [45] and autoimmune myasthenia
gravis [46,47].

Together these in-vitro and in-vivo studies
indicate the ability ofMSC tomodulate the immune
response to antigens mainly by promoting the
generation of T cells with regulatory phenotype
and possibly lowering the availability of Th1/Th17
effector cells.

MESENCHYMAL STROMAL CELLS IN
EXPERIMENTAL MODELS OF SOLID
ORGAN TRANSPLANTATION
Almost a decade has elapsed since the first study
reporting the capability of MSC to prolong survival
of skin graft in nonhuman primates [48]. Sub-
sequent studies in rodent models of heart [49–55],
liver [56] islet [57–59,60&,61&], kidney [62,63&] and
composite tissue [64&,65&] allotransplantation con-
firmed the immunomodulatory potential of MSC
in transplantation (Table 1 [48–59,60&,61&,62,63&–

65&,66]). Of note, long-term graft acceptance
achieved after MSC infusion alone or in association
with low-dose immunosuppressive drugs was found
to be related to the expansion of Tregs [52,53,56,
60&,61&,62,63&–65&] or tolerogenic dendritic cells
[51,53].

There is also evidence that Treg depletion
abrogated the MSC effect of inducing long-
term graft acceptance [62,63&], highlighting that
MSC-mediated tolerance is maintained by Tregs.
Regulatory T-cells isolated from long-term survival
mice were antigen-specific [52].

We recently demonstrated that the timing
of MSC infusion in respect to solid organ transplan-
tation is one of the main factors affecting
MSC capability to expand Tregs and prolong graft
survival [63&]. Murine MSC given to mice pretrans-
plantation localized preferentially into lymphoid
organs where allowed early expansion of Tregs,
eventually leading to immune tolerance to sub-
sequent kidney allografts. At variance, MSC infused
posttransplant localized preferentially into the kid-
ney graft with very low expansion of Tregs [63&].
Intragraft MSC localization associated with acute
graft dysfunction, intragraft neutrophil recruitment
and C3 deposition and poor graft survival [63&].
Similarly, the migration of MSC into recipient lym-
phoid tissues have been shown to be critical for MSC
immunomodulatory effects in autoimmune ence-
phalomyelitis [67], autoimmune enteropathy [68],
diabetes [69&] and graft-versus-host disease [70], sup-
porting the concept that MSC need to interact with
immune cells in sites of initial effector T-cell priming
in order to effectively exert immunomodulation.

Most of the experimental studies with MSC
in organ transplantation have been performed
without any additional pharmacological immuno-
suppressive therapy. However, in the perspective
of translating cell-based MSC therapy to clinical
transplant programs, it is critical to evaluate the
possible negative impact of currently used anti-
rejection drugs on MSC-induced Treg generation
and function and eventually graft survival.

Data on the effect of cyclosporine (CsA) on
MSC-induced immunoregulation are controversial
[55,66] (Table 1). There is experimental and clinical
evidence that calcineurin inhibitors (CNI), by
blocking IL-2 expression in T cells, prevent both
Treg development and homeostasis [71], although
at low-dose these drugs may expand Tregs in both
the periphery and the allografts [72].

In a mouse model of in-vivoMLR, CsA inhibited
the MSC-mediated suppression of CD4! T-cell
proliferation [54]. At variance, other in-vitro studies
have documented the CsA did not interfere with
MSC-mediated Treg generation [23] and that MSC
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Table 1. Effect of bone marrow-derived mesenchymal stromal cells on graft survival in experimental models of solid organ transplantation

Model MSC source Dose
Timing
(tx#day 0)

Immunosuppression
tx#day 0

Graft survival (days)

Treg
expansion ReferenceNone MSC MSC ! IS

Skin tx in baboons Third party 1-2$107 Days 0 and !3 None 1 11 nd [48]

Heart tx in rats Donor 12$106 Days %7 and 0 None 6 23 nd [50]

Heart tx in rats Donor 2$106 Days%7, 0,!1,!2,!3 None 6 12 nd [49]

Heart tx in mice Donor 0.5$106 Days%7 and%1 None 10 40 YES [52]

Syngeneic None 10 >60

Islet tx in mice Syngeneic 4$106 Day 0 None 30 >90 nd [57]

Islet tx in mice Syngeneic 3$106 Day0 None 16 38 YES [61&]

Islet tx in mice Donor 1$106 Days %3, %2 and 0 None 16 >28 nd [59]

Liver tx in rats Syngeneic 2$106 Days 0,!1,!2,!3, None 21 45 YES [56]

Donor !8,!12,!16 None 21 47

Third-party None 21 57

Kidney tx in mice Donor 1$106 Day!1 None 31 >100 YES [62]

Kidney tx in mice Syngeneic 0.5$106 Days%7 and%1 None 10 >60 YES [63&]

Heart tx in rats Donor 2$106 Day%4 MMF (20 mg/kg-1day
from day 0 to !7)

8 6 >100 NO [51]

Third party 20

Syngeneic 20

Heart tx in mice Donor 0.5$106 Day%4 MMF (160 mg/kg-1day
from day 0 to !7)

8 7 32 nd [54]

Heart tx in mice Donor 1$106 Day!1 Rapamycin (2 mg/kg-1day
from day 0 to !13)

7.5 14 >100 YES [53]

Heart tx in rats Donor 5$106 Days 0 and !3 CsA (0.5 mg/kg-1day
from day !5 to !9)

9 8.8 10 nd [55]

Syngeneic 8.6 10.4

Islet tx in rats Syngeneic 3$106 Day0 CsA (10 mg/kg-1day
from day 0 to !20)

7 >51 NO [58]

Donor 7 11

Islet tx in rats Syngeneic 2$106 Day0 CsA (5 mg/kg-1day
from day 0 to !14)

5 7.8 89 YES [60&]

Third-party 5 3.7 13.7

Heart-lung tx in rats Donor 5$106 Day0 CsA (0.5 mg/kgat day %1) 3 14.5 18 nd [66]

Hind-limb tx in swine Third-party 10$107 Days!1,!7,!14,!21 Irradiation ! CsA (10 mg/kg
per day from day 0 to !14;
5 mg/kg per day from
day !14 to !28)

10 25 >120 YES [64&]

Hemi-facial tx in swine Third-party 2.5$107 Days%1,!1,!3,!7,
!14,!21

CsA (10 mg/kg-/day from
day 0 to !14; 5 mg/kg
per day from day !14 to !28)

9 34 70 YES [65&]

CsA, cyclosporin A; IS, immunosuppression; MMF, mycophenolate mofetil; MSC, mesenchymal stromal cells; nd, not evaluated; tx, transplant.
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synergized with CsA in inhibiting T lymphocyte
activity [73]. The combination of MSC and sub-
therapeutic doses of CsA exerted a synergistic
immunosuppressive effect, which translated into
long-term graft acceptance of islet allografts
[58,60&]. In rat islet allograft models MSC and
low-dose CsA induced early expansion of IL-10
producing CD11b cells, which mediated T-cell
hyporesponsiveness and allowed long-term Foxp3
Tregs expansion in lymph nodes and in the graft
[60&]. Moreover, in swine the combination of
multiple infusions of allogeneic MSC with short-
term CsA immunosuppression achieved indefinite
graft survival of hind-limb transplants [64&] and
prolonged the survival of a hemi-facial transplant
[65&]. In both studies long-term surviving animals
showed increased levels of Foxp3 Tregs in the
periphery and in the graft [64&,65&].

On the contrary, mammalian target-of-
rapamycin inhibitors have been consistently shown
to sustain Treg expansion in vitro and in vivo in
animal models and kidney transplant recipients
[74]. In an experimental model of heart trans-
plantation in mice rapamycin synergized with
MSC in inducing Treg-mediated tolerance [53].
Similarly, in the samemodel in rats, mycophenolate
combined with donor MSC induced long-term graft
acceptance [51,54].

Altogether these results indicate that in experi-
mental models MSC infusion synergized with
low-dose or transient immunosuppressive drug
treatment in inducing long-term graft acceptance,
indicating that these cells allow safe minimiza-
tion of maintenance pharmacological antirejection
therapy.

MESENCHYMAL STROMAL CELLS IN
KIDNEY TRANSPLANTATION IN HUMANS
There are few protocols of MSC-based therapy
in organ transplantation (www.clinicaltrials.gov).
Actually, clinical trials on the use of MSC in kidney
and liver transplantation are being performed
in our center in Bergamo, Italy (NCT00752479),
in Leiden, The Netherlands (NCT00734396),
in Liege, Belgium (NCT01429038) and in China
(NCT00659620). So far only results from the
Italian and Chinese experiences with MSC in
living-donor kidney transplant recipients have
been published. Our protocol is aimed at character-
izing the safety and tolerability of peritransplant
MSC infusion and to verify whether MSC, by
skewing Treg/Teff balance allow creating a proto-
lerogenic environment. We initially started with
two living-related donor kidney recipients who
were given ex-vivo expanded, autologous, bone

marrow-derived MSC at day 7 posttransplant, after
induction therapy with basiliximab/low-dose
thymoglobulin [75&]. MSC infusion did promote
on long-termaprotolerogenic environment charac-
terized by lower memory/effector CD8! T cells,
expansion of CD4! Tregs and reduction of donor-
specific CD8! T-cell cytotoxicity, compared with
control kidney transplant recipients given the same
induction therapy but not MSC. However, few days
after cell infusion, both MSC-treated patients
developed acute renal insufficiency. Histological
and immunohistochemical analysis of graft
infiltrating cells did exclude an acute cellular or
humoral rejection, but intragraft recruitment of
neutrophils together with MSC, as well as comple-
ment-C3 deposition were observed [75&].

It was hypothesized that the subclinical
inflammatory environment of the graft in the
few days postsurgery could have favoured the
prevalent intragraft recruitment and activation of
the infused MSC promoting a proinflammatory
milieu with eventual acute renal dysfunction
(engraftment syndrome), as reported by others
with combined kidney and bone marrow trans-
plantation [76]. This hypothesis has been con-
firmed back into a murine kidney transplant
model showing that MSC administration before
(day-1) but not few days after kidney transplan-
tation avoided the acute deterioration of graft func-
tion, while maintaining the immunomodulatory
effect of MSC [63&].

The Chinese group performed a single-site
prospective, randomized study aimed at comparing
the risk-benefit profile of bone marrow-derived
autologous MSC infusion (at kidney reperfusion
and 2 weeks later) versus induction therapy
with the anti-IL-2 receptor antibody basiliximab
in living-related donor kidney transplants [77&].
MSC treatment resulted in lower incidence of
acute rejection at 6 months posttransplant,
decreased risk of opportunistic infection and better
estimated renal function. The investigators con-
cluded thatMSCmay replace basiliximab induction
therapy, allowing the use of lower than con-
ventional CNImaintenance doses without compro-
mising patient safety and graft outcome. However,
lower acute rejection rate and better renal function
documented at 6 months after transplantation
were transient and not confirmed at 1 year. The
study has been criticized in a recent letter [78].
Unfortunately, this study did not report any
attempt to in-depth assess the in-vivo effects of
MSC on host immune system, especially on
Treg and effector T-cell function by any immuno-
logical tests, which are mandatory for an inno-
vative cell therapy still in its infancy before
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moving it to routine clinical application for trans-
plant programs.

CONCLUSION
Cell therapy with MSC in solid organ transplan-
tation has undoubtedly a great potential. However,
although initial preclinical and early clinical results
appear promising, moving the concept of MSC-
based therapy forward toward clinical application
should be critically assessed. We have to be aware
that, so far, our knowledge about MSC is too scarce
for embarking in large clinical trials and there
remain many open questions both on the risk and
the real benefit of these cells. Further studies are
needed to establish how and where these cells have
to be administered and how they may function to
modulate host immune response in vivo in clinical
transplant setting.

Rather than studying thousands of patients
without enough attempt to safety issues and mech-
anistic/immunomodulatory pathways it seems
preferable in our opinion in this kind of studies
to proceed in few patients, however, very inten-
sively investigated. Issues like source, dose, timing
of administration, in-vivo localization, interaction
with immunosuppressive drugs, whether these cells
have to be used for prevention of acute rejection
or for tolerance induction have not been addressed
in this field and more explorative studies are
required before embarking in formal clinical trials.
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GENERAL DISCUSSION 

Autologous vs allogeneic MSC 

MSC are considered naturally immunoprivileged cells due to low expression of MHC molecules in 

unstimulated conditions and absence of costimulatory molecules (91). As such MSC did not 

stimulate allogeneic T cell response and induced T cell anergy. In in-vitro studies described in 

chapter 2, we confirmed that murine bone marrow-derived MSC expressed low level of MHCI and 

MHCII and were negative for CD86 expression. Consequently, they failed to induce allogeneic 

CD4+ T cell proliferation when used as stimulator cells. These results suggest that MSC escape the 

immune system and therefore could be infused into allogeneic hosts without being rejected, 

avoiding the need of conditioning regimen. More importantly, studies with human (55, 58, 60), 

baboon (56), rat (92) and murine (57, 61) MSC have shown that they potently inhibited in-vitro T 

cell response to cellular or non-specific stimuli. Accordingly, we showed in chapter 2 that MSC 

inhibited the proliferation of murine CD4+ T cells in response to allogeneic stimulator cells. The 

effect was dose-dependent and MHC-independent. Indeed MSC inhibited the proliferative response 

of both syngeneic and allogeneic CD4+ T cells to either donor or third-party alloantigens in MLR, 

suggesting that in the setting of solid organ transplantation MSC from autologous or allogeneic 

sources (donor-derived or third-party) could be used. To test this hypothesis, in in-vivo studies of 

chapter 2 we evaluated the potential of either donor- or recipient-derived MSC in prolonging the 

survival of semi-allogeneic heart transplant mice. We documented that donor-derived MSC infused 

via portal vein (but not via tail vein) caused reduction of T cell alloreactivity and prolonged the 

survival of a semi allogeneic heart transplant, indicating that donor-MSC were capable to modulate 

immune cell response in-vivo when given intraportally. These results are in line with previous 

studies indicating that the liver is an immunoprivileged organ for transplant tolerance induction by 

donor cell infusion; in the liver the contact between donor-derived cells and the host immune 

system results in immune inactivation (93, 94). Conversely, allogeneic donor-derived MSC 

delivered in the circulation via tail vein could have elicited an immune response and eventually 

been rejected. Available studies support this hypothesis. It has been documented in mice that MSC, 

when infused into allogeneic hosts, elicited both primary and memory T cell responses (95-97), 

eventually leading to recipient sensitization toward donor alloantigens.  

To avoid the concern of immune cell activation, the introduction of foreign antigens has been 

avoided and the first pilot studies (Chapters 3 and 5) thus began with autologous MSC, making 

safety the first objective. In clinical studies of Chapters 3 and 5, autologous bone-marrow derived 

MSC were isolated and expanded under strict Good Manufacturing Practice (GMP) compliance in 

an authorized cell factory. The cells were classified as MSC based on their ability to differentiate 
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into osteocytes, adipocytes and chondrocytes, and at flow-cytometry (FACS) analysis positive for 

CD73, CD90 and CD105 and negative for CD14, CD34, CD45 and HLA-DR (according to criteria 

defined by ISCT (54)).  

 

Timing of BM-MSC infusion 

The first aim we addressed was to establish the timing of MSC infusion in respect to 

immunosuppressive therapy. The maintenance immunosuppressive drugs methylprednisolone, 

Cyclosporine A (CsA) and Mycophenolate mofetil (MMF) added in-vitro at the same doses 

achieved in-vivo in kidney transplant patients did not change the capability of MSC to inhibit T cell 

proliferation in response to anti-CD3 and anti-CD28 mAbs. By contrast, we found that RATG 

bound in a dose dependent manner human MSC in-vitro, highlighting the possibility of in-vivo 

MSC lysis should the cells be infused concomitantly with induction therapy post-transplant. On the 

basis of these results described in Chapter 3 the timing of MSC infusion was set at day 7 post-

transplant, 24 hours after the last infusion of MSC. This timing also coincided with the start of 

lymphopenia-induced homeostatic proliferation, a condition previously shown to be favourable for 

expansion of Tregs. Thus MSC administration could foster Treg expansion. Concomitantly, based  

on evidence that MSC-mediated immunosuppression also target memory T cells, giving MSC at 

this timing could result in the inhibition of lymphopenia-induced proliferation of memory T cells. 

However, results from the first two patients of Chapter 3, subsequently confirmed in experimental 

animals in Chapter 4, but already partially obtained in Chapter 2 clearly show that the post-

transplant period is not the ideal timing for infusing MSC.  

In both patients of Chapter 3 given MSC at day 7 post-transplant, a transient impairment of kidney 

graft function was observed, characterized by intragraft recruitment of neutrophils, as well as 

complement C3 deposition were observed. CD44 and CD105 double positive cells, taken as bona-

fide MSC, were also found in the early kidney graft biopsy. Thus, we hypothesized that the 

subclinical inflammatory environment in the few days post surgery could have favoured the 

intragraft recruitment and activation of the infused MSC promoting a proinflammatory environment 

with eventual acute renal dysfunction.  

To gain insight into this clinical observation, we moved back to a murine kidney transplant model. 

We documented in Chapter 4 that syngeneic MSC given 2 days post-transplant in pre-sensitized 

mice caused premature graft dysfunction and failed to prolong graft survival. In this setting, infused 

MSC preferentially localized in the allograft in response to post-surgery inflammatory milieu of the 

renal tissue. Subclinical graft injury induced by ischemia reperfusion injury could, at least in part, 

have contributed to the preferential migration of MSC infused post-transplant toward the 
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transplanted organ. This possibility is supported by the finding on intragraft MSC recruitment in 

syngeneic kidneys transplanted after cold ischemia (Chapter 4). Consistently, previous published 

data documented the capability of MSC to home to the tissue injury sites in experimental models of  

stroked brains (98), tumors (99), ischemic myocardium (100), as well as acute renal failure ((101). 

MSC recruitment into the graft was followed by increased expression of IL-6 and Tumor necrosis 

factor- (TNF-) mRNA (Chapter 4), amplifying the graft inflammation. Increasing evidence 

suggest that, in certain conditions, MSC can take on a pro-inflammatory phenotype and could 

actually worsen the graft outcome. Ligands binding the toll-like receptor (TLR)-3 and -4 induced 

MSC to release proinflammatory cytokines (102) an event associated in-vivo with attraction of 

neutrophils into matrigel-embedded MSC implants (103). Similarly, MSC caused in-vitro 

complement activation eventually leading to the generation of anaphylatoxins and neutrophil 

activation (104). In a rat model of kidney transplantation MSC administration at the time of 

transplant led to granulocyte accumulation and disseminated intravascular coagulopathy (105), 

confirming our data. 

In Chapter 4 we also documented that in contrast to post-transplant infusion, MSC administered 

pre-transplantation localized into lymphoid organs and did not reach the transplanted organ, thus 

avoiding negative effect on kidney graft function. The homing of MSC toward lymphoid organ in 

naïve mice was also previously documented in tissue distribution studies of Chapter 2. 

Localization of MSC in lymphoid organ resulted in Treg generation and induction of tolerance 

(Chapter 4). These findings are in line with previous observations that the interaction of MSC with 

immune cells in lymphoid tissues is critical to achieve immunomodulation in models of 

autoimmune encephalomyelitis and enteropathy in mice (79, 106), also discussed in Chapter 6. 

The experimental findings of Chapter 4 did represent a gain of knowledge to further implement our 

clinical protocol. Thus two subsequent living-related kidney transplant recipients received pre-

transplant (day-1) intravenous infusion of bone-marrow derived autologous MSC before T cell-

depleting induction therapy and maintenance immunosuppression with CsA and MMF (Chapter 5). 

None of the two patients developed cell-mediated impairment of graft function, suggesting that the 

infusion of MSC pre-transplantation in an environment not yet hosting a kidney graft might avoid 

preferential cell recruitment into inflamed graft tissue.  

 

Immunomodulatory effects of MSC on T cells in allograft recipients 

Different mechanisms of MSC-mediated immunomodulation have been suggested and it emerges a 

complex interaction of MSC with both innate and adaptive immune cells (Chapter 6). The ability 
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of MSC to induce regulatory APC and T cell population has been proposed at the main mechanisms 

of long term graft acceptance in experimental model of solid organ transplantation (Chapter 7).  

Experimental studies in Chapter 2 and Chapter 4 clearly documented that both the induction and 

maintenance phases of MSC-induced tolerance in experimental models of solid organ 

transplantation relied on generation of Treg. MSC-induced tolerance were associated with 

expansion of CD4+FOXP3+ Treg in lymphoid organs and into the grafts. By adoptive transfer 

experiments we documented that regulatory T cells able to transfer tolerance are rapidly expanded 

early post MSC infusion (Chapter 2 and 4) and Treg depletion abrogated the MSC effect in 

inducing long-term graft tolerance (Chapter 4). We also demonstrated that MSC-induced Tregs 

were antigen specific in the long-term (Chapter 2). This unique capability to promote the 

emergence of regulatory cells has been demonstrated in several studies in experimental models of 

solid organ transplantation, summarized in Chapter 7.  

Treg expansion in mice with long term kidney graft survival of Chapter 4 was associated with 

increased Treg/effector memory CD4+ and CD8+ T cell ratios and with T cell hyporesponsiveness 

toward donor antigens in ex-vivo mixed lymphocyte reaction (also documented in Chapter 2).  

The effect of MSC infusion on T cell homeostatic proliferation and function was also evaluated in 

kidney transplant patients given MSC in Chapter 3 and 5. In Chapter 3 we found that, in the two 

patients given MSC but not in the living donor kidney transplant recipients given the same 

induction and maintenance immunosuppressive therapy but not MSC (controls) the percentage of 

memory CD45RO+RA-CD8+ T cell population decreased post-transplant. The change in the 

memory CD8+ T cell profile in the peripheral blood of the patients given MSC was associated with 

a profound reduction in anti-donor CD8+ T cell cytotoxic activity. In patients given MSC, an 

increase in the ratio Treg/memory CD8+ T cell toward regulatory cells was documented, suggesting 

a pro-tolerogenic environment.  

 

Impact of anti-CD25 antibody as part of induction therapy 

Regarding patients given pre-transplant MSC infusion (Chapter 5), a particular concern about 

induction therapy with the anti-CD25 antibody arose, since evidence was available that basiliximab 

(the anti-CD25 antibody) may cause a transient loss of CD25+FOX3+ Tregs when given as 

induction therapy to kidney transplant patients (107). These findings led us to eliminate basiliximab 

from the induction regimen with the aim to possibly maximize the expansion of CD25+FOXP3+ 

Treg cells. However, the second patient given MSC the day before kidney transplantation, had acute 

renal dysfunction 14 to 17 days post-surgery, and the graft biopsy showed evidence of acute cellular 

rejection. Higher HLA mismatches in patient 4 than in 3 can possibly explain the occurrence of 
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rejection in the former. Although based on findings in a single MSC-treated patient, we speculated 

that MSC may have low capacity to control host immune response in the context of high 

alloreactive environment. This observation bring us back to the initial findings in heart transplant 

model of Chapter 2. Recipient-derived MSC infusion was effective in inducing long term graft 

survival when applied in semi-allogeneic but not in fully allogeneic mice combination. These 

findings could be taken to suggest that MSC alone could not be sufficient to control an intense 

stimulation of recipient T cells by alloantigens early post-transplant, as in the case of fully 

allogeneic heart transplant combination in animal models (Chapter 2) and higher HLA mismatches 

in clinical kidney transplant setting (Chapter 5).  

Nevertheless, MSC therapy did result in a clear increase in the ratio Treg/memory CD8+ T cell 

counts post-transplant and in a profound and persistent reduction in donor-specific CD8+ T cell 

cytolytic activity 6 and 12 months post-transplant, as previously documented in patients undergoing 

post-transplant MSC infusion of Chapter 3. These findings suggest that MSC immunomodulation 

could require a period of time to appear and create a pro-tolerogenic environment. By comparing 

the two patients given pre-transplant MSC under the induction therapy that avoids basiliximab to 

the previous two patients receiving post-transplant MSC in the setting of combined 

basiliximab/low-RATG induction regimen we found no major difference in the profile of 

circulating CD4+CD25highFOXP3+CD127- or CD4+FOXP3+ T cells at FACS analysis (Chapter 5), 

suggesting that induction therapy without basiliximab does not further expand Tregs while exposing 

patients to the possibility of acute rejection. Therefore as further implementation of knowledge the 

next clinical protocol will be with pre-transplant MSC infusion and induction therapy with 

basiliximab/low-RATG.  

 

The risk-benefit profile of MSC infusion 

The four kidney transplant recipients given MSC described in Chapter 3 and 5 are all in good 

health with stable graft function and none experienced infectious complication during the follow-up 

(more than 2 year the latest to more than 5 years the first patient).  

Recently, the risk-benefit profile of bone marrow-derived autologous MSC infusion versus 

induction therapy with basiliximab has been evaluated in a large cohort of living-related kidney 

transplants. MSC treatment resulted in lower incidence of acute rejection and better estimated renal 

function at 6 months post-transplant (108). The investigators concluded that MSC may replace 

basiliximab induction therapy, allowing the use of lower than conventional CNI maintenance doses 

without compromising patient safety and graft outcome. However, lower acute rejection rate and 

better renal function documented at 6 months after transplantation were transient and not confirmed 
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at 1 year. Unfortunately, this study did not report any attempt to in-depth assess the in-vivo effects 

of MSC on host immune system, especially on Treg and effector T-cell function by any 

immunological tests. The large Tan’s study has also shown that during the 1-year follow up, MSC-

treated patients had significantly lower risk of opportunistic infections than those not receiving the 

cell infusion, suggesting the safety of MSC-based therapy as for the risk of promoting infections 

(108). This conclusion is challenged by the Leiden’s safety and feasibility study in six kidney 

transplant recipients who were given two i.v. infusions of autologous BM-MSCs when a protocol 

renal biopsy showed signs of subclinical rejection and/or an increase in interstitial fibrosis/tubular 

atrophy (109). In two recipients with subclinical cellular rejection, MSC treatment allowed the 

resolution of tubulitis without interstitial fibrosis/tubular atrophy in both patients. Five out of the six 

patients displayed a donor-specific downregulation of ex-vivo PBMC proliferation assay. However, 

three patients developed an opportunistic viral infection suggesting that MSC could induce 

overimmunosuppression (109). This study suggests a careful monitoring of unwanted side-effects of 

MSC therapy especially in chronically immunosuppressed transplant recipients who are already at 

an increased risk of infection and malignancies. 

 

The next step: third-party BM-MSC in liver transplant recipients  

To make MSC-based therapy a routine practice in transplantation, this strategy should be applied to 

all solid organ transplant recipients from a deceased-donor, implying re-consideration of source of 

MSC and timing of cell infusion.  

Autologous cells are clearly the safest option for clinical cell therapy in terms of relative risk of 

their possible rejection by the recipient. However, there are circumstances, e.g. liver transplantation, 

in which healthy autologous MSCs will not be available. First, individually tailored autologous 

MSC are expensive to produce and storage might exceed the capability of a clinical center. Second, 

regulation requires that MSCs have to be generated in a controlled and documented process under 

good manufacturing practice to obtain a safe product of high quality and not all clinical centers can 

perform and afford the production process. Third, the transplant surgery takes place few hours after 

a donor organ is available and the production of a sufficient amount of MSC requires at least 

several weeks. Thus, an “off-the-shelf” therapy consisting of healthy third-party allogeneic bone-

marrow MSC would provide an immediate source ready for clinical use, bypassing the need for the 

difficult cost and time-consuming production process of personalized MSCs.  

Regarding the issue of possible cell rejection and the consequent recipient sensitization after 

allogeneic MSC infusion it could be relevant to consider that MSC will be introduced in 

combination with immunosuppressive drugs/biological agents, making it possible to exploit the 
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potential of MSCs without the risk of sensitization. Actually, third-party allogeneic MSC have been 

already used in patients with bone marrow transplantation to treat GVHD. Moreover, clinical 

studies currently ongoing or nearing initiation in liver transplant recipients (Clinicaltrials.gov 

Identifier: NCT01429038; Clinicaltrials.gov Identifier: NCT01841632) focus on the use of third-

party allogeneic MSCs. 

The setting of liver transplantation gives also the opportunity to further study MSC 

immunomodulation under the cover of induction therapy not including the anti-CD25 antibody, 

basiliximab. Indeed the liver is less immunogenic than the kidney and the induction therapy with 

RATG alone does not expose patients to the risk of acute rejection, thus offering a solution to the 

need to protect recipients while allowing to definitely establish whether basiliximab treatment can 

hinder the function of regulatory T cells.  

With these concepts in mind we designed a phase I clinical study of the administration of third-

party bone marrow-derived MSCs to patients undergoing liver transplantation from a deceased 

donor. Patients will be treated in Bergamo and Bologna, Italy. Five patients per center are 

randomized to receive a single infusion of third-party derived MSC (2x106/Kg body weight) few 

hours before liver transplantation and 5 patients per center will be randomized to no cell infusion. 

Both groups of patients will receive induction therapy with low dose RATG and maintenance 

immunosuppression with Tacrolimus and MMF.  

 

The proposed study will be developed in two phases:  

1.  A pilot explorative safety/biologic-mechanistic clinical study 

This is a pilot, explorative, randomized study to define the safety and biologic/mechanistic 

effects of the systemic intravenous infusion of third-party ex-vivo expanded MSC in liver 

transplant recipients under low-dose RATG induction therapy and maintenance 

immunosuppressive drugs with the ultimate objective to test the feasibility of safely achieving 

graft tolerance in a subsequent efficacy pilot study. Indeed, to complement the research with a 

clinical portion that documents operational tolerance, a pilot efficacy study of safely achieving 

liver graft tolerance after complete withdrawal of maintenance immunosuppressive therapy will 

follow pending on the fact that the results of biologic/mechanistic tests will document that MSC 

infusion allows the development of an immune microenvironment permissive to graft tolerance. 

Primary objective is to establish the feasibility and the safety of the systemic infusion of third-

party ex-vivo expanded MSCs in liver transplant recipients. Secondary objectives are to assess 

whether in liver transplant recipients, third-party MSC infusion promotes a pro-tolerogenic 

immune environment by a series of biologic/mechanistic studies that include 
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immunophenotyping of circulating cells, lymphocyte functional assays and liver tissue 

messenger RNA expression for genes involved in iron homeostasis found to be selectively 

increased in operationally tolerant liver transplant recipients (110). 

 

2  A pilot efficacy clinical study 

At 12 months post-liver transplantation, should the biologic/mechanistic ex-vivo studies 

document that MSC infusion allows the development of an immune microenvironment 

permissive to graft tolerance, a prospective pilot efficacy study to achieve operational tolerance 

after complete withdrawal of maintenance immunosuppressive therapy will follow. 

Primary objective is to define the efficacy of peri-transplant third-party MSC infusion in liver 

transplant recipients to induce operational tolerance as documented by lack of acute graft 

rejection episodes during a 6 month follow-up after discontinuation of maintenance 

immunosuppression with low-dose TAC and low-dose MMF, starting 12 months post-

transplantation. 

Secondary objectives are to compare the patients receiving MSC infusion and on drug 

withdrawal with control patients not receiving cell therapy and with historical liver transplant 

recipients on long-term maintenance immunosuppression as far as: 

a. Rate of decline of graft function as a surrogate index of chronic allograft injury 

b. Graft and patient survival 
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CONCLUSIONS 
 

The potential of MSC-based therapy in solid organ transplantation is undoubtedly relevant. 

However, the field is still in its infancy and nobody so far has attempted to or provided evidence 

that this cell therapy is capable to promote operational tolerance. We do not have enough 

knowledge of safety, pharmacokinetics and quantitative assays for in-vivo immune responses. Small 

studies with a few patients intensively studied will hopefully allow us to determine when and where 

MSCs should be administered and how they function to regulate host immunity. These 

considerations may be particularly imperative for new biological agents such as MSCs for which, 

despite encouraging initial results, uncertainty about safety and efficacy still exists. 
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Successful solid organ transplantation would be a realistic therapeutic option only whether donor-

specific immunologic tolerance could be reliably and safely induced.  

Encouraging results have emerged from many tolerance induction strategies in experimental 

models, but translating these protocols across species from rodents to the clinic is providing a 

formidable task and so far we are still unable to induce tolerance in a routine intention-to-treat 

protocol. Mesenchymal Stromal Cells (MSC) have recently emerged as one of the most promising 

candidates for cell-based immunotherapy because they modulate the immune response via an array 

of direct and indirect interaction with a broad range of cell types in various ways. In particular, 

MSC drive T cells toward a regulatory phenotype and have the unique capability to control 

proliferation and activation of memory T cells which represent a major barrier to tolerance 

induction in transplant patients.  

A number of studies either in experimental models of solid organ transplantation or in kidney 

transplant recipients were designed and performed in this thesis with the aim to establish the 

tolerogenic potential of MSC, their mechanisms of action as well as to find out the best infusion 

protocol to be applied in clinical transplantation.  

The tolerogenic potential of MSC has been first evaluated in a murine model of semi-allogeneic 

heart (B6C3 heart in B6 recipient mice) transplantation (Chapter 2). Results showed that donor-

derived MSC were effective in prolonging heart graft survival when infused into the portal vein 7 

days before surgery. The same tolerogenic potential was shared by recipient-derived MSCs when 

given pretransplant via tail vein. Both donor-derived and recipient-derived MSCs mediated in vivo 

expansion of regulatory T cells (Tregs). These results provided the basis for the design of a safety 

and clinical feasibility pilot clinical studies of autologous bone marrow derived MSC in kidney 

transplant recipients with a living donor. Results of the first two patients, reported in Chapter 3, 

indicated that post-transplant MSC infusion induced a transient renal insufficiency characterized at 

histological analysis by an inflammatory infiltrate of neutrophils and C3 deposition but no evidence 

of graft rejection. It was hypothesized that the subclinical inflammatory environment of the graft in 

the few days post-surgery could have favoured the prevalent intragraft recruitment and activation of 

the infused MSC promoting a proinflammatory environment with eventual acute renal dysfunction. 

This hypothesis has been confirmed back  into a murine kidney transplant model (Chapter 4) 

showing that a single administration of syngeneic MSC before (one day before surgery) but not 

after renal transplantation avoided the acute deterioration of graft function, while maintaining the 

immunomodulatory effects associated with MSC treatment, including a marked Treg expansion.  

These experimental findings did represent a gain of knowledge to further implement our clinical 

protocol, aimed at creating favourable conditions for MSC-promoting immunomodulation avoiding 
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any possible side-effects associated with cell infusion. Thus two subsequent patients  living-related 

kidney transplant recipients received pre-transplant (day-1) intravenous infusion of bone-marrow 

derived autologous MSC before T cell-depleting induction therapy. In the fist patient studied, MSC 

treatment was uneventful and graft function remained normal during 1 year follow-up. In the 

second patient, acute cellular rejection occurred 2 weeks post-transplant. Both patients had excellent 

graft function at the last observation. Circulating memory CD8+ T cells and donor-specific CD8+ T-

cell cytolytic response were reduced in MSC-treated patients. Thus, pre-transplant MSCs no longer 

negatively affect kidney graft and maintained MSC-immunomodulatory properties (Chapter 5).  

Finally, chapters 6 and 7 are review chapters aimed at making the focus on the more recent 

acquaintance on MSC immunomodulatory effects in vivo in experimental transplant models as well 

as in early clinical experiences in kidney transplantation, and discuss topics of crucial importance 

for the future clinical use of MSC as immunotherapy in solid organ transplantation.  
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Improvement of current treatment outcome in transplant recipients of solid organs 

Outcomes for solid organ transplantation have improved significantly during the last two decades. 

Improved immunosuppressive regimens have drastically reduced acute rejection rate. Among the 

renal transplants performed in Europe since 2000, overall patient and graft survival were 96% and 

89% at 1 year, respectively. However, reduced acute rejection rate has not been automatically 

followed by better long term graft survival. In the United States on a total of 252,910 patients 

receiving a single organ kidney transplant between 1989 and 2009, graft half-life for deceased-

donor transplant was 6.6 years in 1989 and increased to 8.8 by 2005. In low-risk populations like 

living-donor-recipients half life did not change, with 11.4 years in 1989 and 11.9 years in 2005. 

Thus, long term graft survival had in fact changed very little despite dramatic short term 

improvement. Especially now, when first year survival rates are most close to perfect, it becomes 

clear that further improvements in long term survival are the goals on which transplant community 

has to shift its attention. Chronic rejection and complications of immunosuppressive therapy 

significantly affected long term graft survival, keeping long term graft loss a constant phenomenon. 

The very same medications that have allowed for short term survival improvement have specific 

side effects while additively contributing to an overall state of immunosuppression and to the 

increased risk of cardiovascular disease. Most immunosuppressive regimens are currently based on 

the combination of calcineurin inhibitor with anti-proliferative agents and steroids and associated 

with new-onset diabetes mellitus, hypertension, hyperlipidemia and polyoma virus-associated 

nephropathy, and for calcineurin inhibitors also nephrotoxicity. Cardiovascular disease mainly 

accounts for deaths with functioning graft and is responsible for deaths in kidney transplant 

recipients beyond the first post-transplant year. Infections are responsible for 11.7 % of deaths and 

there is abundant evidence that cancer is increased in kidney transplant recipients because of 

immunosuppressive agents. Compared with the general population, mortality in transplant 

recipients is 4 times higher after the first year post-transplant. Nevertheless, in relation to 

acceptance of the allograft, immunosuppressants are indispensable in the clinical setting, as 

withdrawal of immunosuppressive therapy typically results in rejection of the transplanted organ. 

Ideally, the induction of donor-specific tolerance would overcome these shortcomings, possibly 

allowing indefinite graft survival. Cellular therapy with immunological active cells is an intriguing 

new idea that has recently emerged to induce specific graft acceptance, and MSC are considered 

one of the most promising candidates. MSC may promote a pro-tolerogenic immune environment in 

transplant patients which could allow minimization or even discontinuation of immunosuppressive 

drugs in the long term, limiting the high risk of morbidity and mortality currently seen in solid 

organ transplant recipients related to drug-induced infections, malignancies and cardiovascular 
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diseases. Maintaining the health of transplanted organs not only protects the recipients of 

transplants from death, re-transplantation, or other trauma; it also protects the scarce availability of 

organs.  
Impact on clinical management and transplant patients well being 

Chronic immunosuppressive treatments have been linked to physical complications that, although 

not life-threatening, greatly impact on post-transplant quality of life. Immunosuppression-related 

physical effects that can alter appearance - including hirsutism, gingival hyperplasia, weight gain, 

cushingoid faces, hand tremors, alopecia and skin disorders - are among the most bothersome to 

patients and may have serious psychosocial implications, including sexual dysfunction. The myriad 

of side effects associated with immunosuppression include also osteoporosis, mood disorders, 

headaches, insomnia, paresthesias, gastrointestinal disorders (dyspepsia, gastritis, peptic ulcer 

disease and diarrhoea, constipation, nausea, vomiting, and anorexia) and skin disorders (skin 

thinning, purpura, acne, condyloma acumination and skin cancer). Pregnancy in transplanted 

women is considered high risk. These women also may have other co-morbidities, such as 

hypertension and diabetes mellitus which put them in an even higher risk category. These include 

high risk for spontaneous abortions, intrauterine growth retardation, preeclampsia and worsening of 

pre-existing hypertension, premature delivery, less-than-normal gestational weight and acute kidney 

graft rejection. All these side effects greatly impact on quality of life and have serious psychosocial 

implications. Moreover, on the long term these side effects could lead patients to non-compliance to 

immunosuppressive therapy. Indeed, in recent years, non-adherence to medication regimens has 

emerged as a major risk factor for acute rejection and graft loss. Despite these serious consequences 

non compliance is frequent among transplant recipients. Transplant recipients are required to 

manage a strict regimen of multiple medications changes in dosage schedules and medication 

physical side effects and it is estimated that up to 67% of patients do not take immunosuppressive 

medications as prescribed. 

Therefore, MSC-based cellular therapy in solid organ transplantation, able to reduce or even 

eliminate the need of chronic administration of immunosuppressive drugs is likely to allow better 

clinical management of transplanted patients and eventually have a major impact on their quality of 

life.  

 

Impact on health economy 

The cost of maintenance immunosuppressive drugs is very high and is estimated around 15,000 

Euro per year/patient. Moreover, because immunosuppressive therapy is complex, patients must be 
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monitored for both drug effectiveness and side effects by an experienced physician. Informal 

estimates suggest that the ambulatory visits and laboratory work solely to monitor 

immunosuppressive drugs could cost each patient roughly 1500 Euro per year. Further costs derive 

from additional outpatient medications such as antihypertensive agents and antibiotics for 

infections. Management of immunosuppressive drug side effects often requires additional 

medications and additional costs. Reducing the requirement of immunosuppressive drugs by using 

the MSC product to dampen immunological response to kidney and liver transplantation would 

result in reduction of overall costs for drug supply and management of solid organ transplant 

patients. 
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